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Samenvatting 
Plantenziekten veroorzaakt door bacteriën zijn een belangrijke oorzaak van 
productieverliezen in de landbouw, vooral omdat er momenteel geen efficiënte 
bestrijdingsmiddelen beschikbaar zijn. In kruisbloemige groenten, behorend tot het species 
Brassica oleraceae (vb. kool, bloemkool en spruitjes) en in prei zijn de belangrijkste bacteriële 
ziekten respectievelijk zwartnervigheid, veroorzaakt door Xanthomonas campestris pv. 
campestris, en bacteriebrand, veroorzaakt door Pseudomonas syringae pv. porri. In dit werk 
werd het potentieel van bacteriofagen onderzocht als biologisch bestrijdingsmiddel. 
Bacteriofagen zijn virussen die specifiek bacteriën infecteren, zich erin vermenigvuldigen en 
bij de vrijstelling van de nieuw gevormde partikels de gastheer lyseren. 
In een eerste luik werden er bacteriën geïsoleerd uit plantenweefsel met symptomen. De 
bacterie isolaten werden geïdentificeerd op species niveau door een partiële sequentie van 
een huishoudgen, typisch aanvaard als barcode voor het species, te vergelijken met de 
sequentie van stammen in GenBank van NCBI. Nadien werd de pathovar bepaald door middel 
van pathogeniteitstesten. Dit leidde tot de identificatie van 36 X. campestris pv. campestris 
en 37 P. syringae pv. porri isolaten, waaruit blijkt dat zij de meest voorkomende 
ziekteverwekkers zijn gerelateerd aan de typische symptomen en dus verantwoordelijk zijn 
voor de grote economische verliezen in de kool- en preiproductie. De isolaten werden verder 
gekarakteriseerd door analyse van hun genomische diversiteit met behulp van BOX-PCR 
fingerprinting. Dit verdeelde de P. syringae pv. porri isolaten in twee groepen. Door 
genoomsequentie-analyse werd een ‘draft’ genoom samengesteld voor een stam uit elke 
groep. Hieruit kon afgeleid worden dat de verschillen tussen deze groepen zich voornamelijk 
situeren in de aanwezigheid van mobiele genetische elementen zoals profagen en IS 
elementen. In silico MLSA en ANIb toonden daarenboven aan dat beide stammen 
fylogenetisch meest verwant zijn aan P. syringae pv. oryzae, een pathogeen op rijst en zoals 
prei ook een monocotyl. Binnen X. campestris pv. campestris werd er een veel grotere 
diversiteit vastgesteld, zowel in hun GyrB sequentie als met behulp van BOX-PCR 
fingerprinting. Er werd een collectie aangelegd met de bacterie isolaten die in dit onderzoek 
werden verzameld en deze collectie werd verder aangevuld met referentiestammen van 
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verwante pathovars en andere bacteriële pathogenen van kool en prei uit de LMG en CFBP 
collectie. 
In een tweede luik werden de bacteriecollecties vervolgens gebruikt in aanrijkingstechnieken 
om bacteriofagen te isoleren uit bodemstalen die verzameld werden op velden met besmette 
planten. Zeven nieuwe fagen werden geïsoleerd voor X. campestris pv. campestris en deze 
kregen de naam SoPhi1-7. Vijf nieuwe fagen werden geïsoleerd voor P. syringae pv. porri, 
deze werden KIL1-5 genoemd en aangevuld met een h-mutant faag KIL3b die geselecteerd 
werd omwille van zijn uitgebreide gastheerspectrum. Van de nieuwe fagen werd hun 
microbiologische geschiktheid voor faagtherapie doeleinden onderzocht. Hun morfologie 
werd bepaald aan de hand van transmissie elektronenmicroscopie. Deze analyses 
identificeerden SoPhi1, SoPhi2 en al de KIL fagen als leden van de Myoviridae familie. Hun 
gastheerspectrum werd bepaald aan de hand van infectie-experimenten met bacterie-
isolaten uit de aangelegde bacteriecollecties. Alle fagen werden geschikt bevonden voor 
faagtherapie omdat ze een strikt lytisch karakter hebben en omdat ze stabiel zijn bij 
temperatuur en pH condities die voorkomen in een landbouwomgeving. Van enkele fagen 
werd het genoom volledig gesequeneerd en geanalyseerd om de kans op lysogenie en de 
aanwezigheid van genen coderend voor toxines uit te sluiten. De genoomanalyse van SoPhi7 
toonde aan dat deze een genoomlengte heeft van 315 kb en verwant is met een andere ‘giant’ 
faag PhiKZ, die Pseudomonas aeruginosa infecteert. Omdat deze faag transducerende 
eigenschappen heeft kan SoPhi7 beter niet gebruikt worden voor faagtherapie totdat verder 
onderzoek garantie voor veiligheid geeft. Op basis van hun genoomsequenties konden de P. 
syringae pv. porri fagen taxonomisch geklasseerd worden als een nieuwe subgroep binnen 
het genus Felixounavirus, genaamd de “KIL-like viruses”. 
In het derde deel van dit eindwerk werd het in planta effect van de fagen geëvalueerd. Eerst 
werden er faag-assay’s uitgevoerd op kleine koolplantjes. Alle X. campestris pv. campestris 
fagen bleken voldoende antibacterieel potentieel te hebben, behalve faag SoPhi6. Bij de 
fagen SoPhi3 en SoPhi5 was de symptoomvermindering bovendien significant. Vervolgens 
werden er verschillende toedieningswijzen uitgetest in potproeven. Wanneer toegediend aan 
de bodem reduceerde faag SoPhi2 symptoomontwikkeling in geïnoculeerde bladeren, een 
indicatie voor systemische verplaatsing van de faag. Het vernevelen van faag SoPhi2 op de 
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bladeren van bloemkoolplantjes kort voor de inoculatie met bacteriën zorgde voor significant 
minder symptomen. Tenslotte onderzochten veldproeven het potentieel van fagen in een 
ongecontroleerde omgeving. Deze toonden aan dat het planten van natte bloemkoolplantjes 
op besmette velden tot een verhoogde aantasting leidt en dus vermeden moet worden. Er 
werd bovendien geen effect gevonden van een faagbehandeling vóór het uitplanten van 
bloemkoolplantjes in een besmet veld. Het vernevelen van fagen op de bladeren van grote 
bloemkoolplanten zorgde in één proef voor minder aantasting. In prei toonden de faagtesten 
op blaadjes het antibacterieel vermogen aan van alle P. syringae pv. porri fagen waarbij KIL1, 
KIL2, KIL3 en KIL3b bovendien voor een significant kleinere lesielengte zorgden. Bij de 
potproeven vond geen succesvolle bacterie-infectie plaats waardoor er geen conclusies 
konden bekomen worden. Tijdens de veldproeven werd er een significant verminderde 
aantasting vastgesteld in één proef waarbij de preiplantjes met fagen behandeld werden vóór 
aanplanting op een besmet perceel. Het vernevelen van fagen op de bladeren van volwassen 
planten verminderde de symptomen in twee opeenvolgende proeven.  
Uit de resultaten van dit onderzoek kan men besluiten dat de geïsoleerde fagen in staat zijn 
om zwartnervigheid in kool en bacteriebrand in prei te verminderen, maar dat verder 
onderzoek nodig is om een effectieve formulering en toedieningswijze te ontwikkelen die de 
betrouwbaarheid van faagtherapie moeten ondersteunen.
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Summary 
Bacterial plant diseases are an important cause of yield loss in agriculture since no efficient 
disease control agents are currently available to combat them. In cruciferous vegetables 
belonging to the species Brassica oleraceae (e.g. cabbage, cauliflower and Brussels sprouts) 
and leek, the most important bacterial diseases are black rot of cabbage, caused by 
Xanthomonas campestris pv. campestris and bacterial blight of leek, caused by Pseudomonas 
syringae pv. porri. This study investigated the potential of biological control by 
bacteriophages, viruses that specifically infect bacteria, their replication resulting in the lysis 
of their bacterial host and the release of newly formed viral particles. 
First, bacterial pathogens were isolated from symptomatic plants. The isolates were identified 
on the species level by comparing the partial sequence of a housekeeping gene commonly 
used for barcoding towards the sequence of reference strains in the NCBI GenBank collection. 
Identification on the pathovar level was achieved by pathogenicity testing. This resulted in 
the identification of 36 X. campestris pv. campestris isolates and 37 P. syringae pv. porri 
isolates, as the most prevalent bacterial pathogens on symptomatic plants, thus responsible 
for the economic losses in Brassica and leek production. These isolates were further 
characterized by analyzing their genomic diversity using BOX-PCR fingerprinting, dividing the 
P. syringae pv. porri isolates into two groups. Draft genome sequencing of a strain from each 
group indicated that differences could mostly be attributed to the presence of mobile genetic 
elements such as prophages and IS elements. In silico MLSA and ANIb phylogenetically 
classified the strains as most related to the rice pathogen P. syringae pv. oryzae, also infecting 
a monocotyl. Among the X. campestris pv. campestris isolates a larger diversity was noted 
according to differences in their GyrB sequence and BOX-PCR fingerprints. A collection was 
created with the bacterial isolates obtained in this study, supplemented with reference 
strains of related pathovars and other bacteria pathogenic on Brassica or leek from the LMG 
and CFBP collection. 
In a second part, the bacterial collections were used to isolate phages from soil samples 
collected from fields with infected plants, using an enrichment strategy. Seven novel phages 
were isolated for X. campestris pv. campestris, named SoPhi1-7, and five novel phages were 
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isolated for P. syringae pv. porri, named KIL1-5, supplemented with one h-mutant phage KIL3b 
selected for the extended host range. The novel phages were characterized to determine their 
microbiological suitability for phage therapy applications. Their morphology was determined 
by Transmission Electron Microscopy analysis, identifying SoPhi1, SoPhi2 and all the KIL-
phages as members of the Myoviridae family. Host range analysis using the previously created 
bacterial collection allowed a determination of their specificity. All phages were deemed 
suitable for phage therapy applications because of their lytic potential and stability under 
temperature and pH conditions characteristic for agricultural fields. From selected phages, 
the genome was sequenced and analyzed to exclude the possibility of lysogeny and the 
presence of toxin-coding genes. Furthermore, phage SoPhi7, with a genome size of 315 kb, 
was found related to the giant phage PhiKZ, infecting Pseudomonas aeruginosa. Because of 
the potential transducing capacity of this phage, SoPhi7 should not be used for phage therapy 
applications until further research proves its safe use. The genomes also provided information 
for the taxonomic classification of the novel P. syringae pv. porri phages, proposing a new 
subclade, named KIL-like viruses, within the Felixounavirus genus.  
In a third part of this dissertation, the in planta efficiency of the phages was tested. First, an 
assays on cauliflower transplants demonstrated the antibacterial potential of all X. campestris 
pv. campestris phages but SoPhi6. Furthermore, SoPhi3 and SoPhi5 significantly reduced 
symptom development. Next, pot trials were used to test different application strategies. 
When applied to the soil, phage SoPhi2 reduced symptom development in plants with 
inoculated leaves, indicating systemic movement of the phage. Significant reduced symptom 
development was obtained when spraying phage SoPhi2 on cauliflower leaves shortly before 
bacterial inoculation. Finally, field trials tested the potential of phages in an uncontrolled 
environment. Transplant treatment of cauliflower plants demonstrated that planting of wet 
plants in the field should be avoided as this resulted in a higher disease incidence. 
Furthermore, no disease control effect was found for a phage treatment prior to planting in 
an infested field. Spraying phages as a leaf treatment reduced symptom development in one 
trial. Phage assays in leek leaves demonstrated antibacterial potential of all P. syringae pv. 
porri phages with KIL1, KIL2, KIL3 and KIL3b causing a significant reduction in lesion length. 
An infection was not obtained during the pot trials, conclusions can therefore not be made. 
In the field trials, treatment of leek transplants with phages prior to planting resulted in 
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significant disease reduction in one trial. Spraying phages as leaf treatment reduced disease 
symptoms in two consecutive trials.  
From the results of this study can be concluded that the isolated phages have potential in 
controlling black rot of cabbage and bacteria blight of leek. Further research is necessary to 
define the most effective formulation and application method to obtain a reliable phage 
therapy product. 
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Chapter 1. General introduction 
1.1. Bacterial pathogens in cabbage production 
1.1.1. Cabbage production: from seed to harvest 
Vegetables of the Brassicaceae family, also called Cruciferae, are widely cultivated. The most 
common cruciferous vegetables belong to the species Brassica oleraceae. They are not 
distinguished taxonomically, but only by their horticultural category of cultivar groups such 
as cauliflower (Brassica oleracea var. botrytis), white cabbage (Brassica oleracea var. alba), 
red cabbage (Brassica oleracea var. rubra), savoy cabbage (Brassica oleracea var. sabauda L.), 
Brussels sprouts (Brassica oleracea var. gemmifera) and broccoli (Brassica oleracea var. 
italica). The annual production worldwide of kale crops was 70 million tons in 2013 with 
almost half of them being produced in China. India and Russia complete the top three while 
in Belgium 26 thousand tons are produced annually (FAOSTAT 2016). 
1.1.1.1. The growing season of cabbage 
Seeds of vegetable crucifers are primarily grown in temperate coastal regions where cool, 
mild winters are ideal for the vernalization needed to induce flowering in the biennial crop 
forms such as cabbage, Brussels sprouts, cauliflower… In midsummer, plants for seed 
production are grown in beds and transplanted to production fields after one month. Next 
spring, the plants flower and seeds are harvested during summer (Williams, 1980). This seed 
is distributed around the world by the seed companies. Most cabbage growers in Belgium 
start by planting transplants, purchased from a plant production center. Transplants are 
grown in high plant densities in greenhouses (280 plants per tray) with regular irrigation, 
which is favorable for the spread and development of diseases. The moment of sowing, 
planting and harvest, and the plant distances are dependent on the crop type and cultivar 
being used. In spring, until the end of April, plants are covered with plastic to prevent frost 
damage. Crops for industry are harvested twice a year, in early summer and in autumn. 
Especially the last harvest is vulnerable for bacterial diseases as warm and humid conditions 
stimulate bacterial development. Crop rotation should be applied to avoid diseases, growing 
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kale crops only once in three to four years (Alvarez & Cho, 1978). In between, the growth of 
cruciferous weeds should be avoided as the bacterial pathogens of the cruciferous crops can 
survive inside or epiphytically on those weeds (Schultz & Gabrielson, 1986; Kuan et al, 1986). 
1.1.1.2. Diseases of cabbage 
In general, crop losses can be caused by abiotic stress such as adverse environmental 
conditions or nutrient limitations as well as by biotic stresses. Those biotic stresses result in 
an estimated annual crop loss of 36.5 % on average of wich 12.2% is caused by weeds, 10.2 % 
by insects and 14.1 % by diseases such as bacteria, fungi, protozoa and nematodes (Agrios, 
2005). The most common insects in Brassica production are The Silver Y (Autographa 
gamma), Peach aphid (Myzus persicae), Bright-line brown-eye (Lacanobia oleracea), Large 
white (Pieris brassicae), Small white (Pieris rapae), Swede midge (Contarinia nasturtii), 
Diamondback moth (Plutella xylostella), Cabbage moth (Mamestra brassicae), Cabbage fly 
(Delia radicum), Cabbage aphid (Brevicoryne brassicae), ‘Koolbladvlieg’ (Botanophila 
(Pegohylemyia) fugax), ‘Koolmineervlieg’ (Scaptomyza flava), Cabbage whitefly (Aleyrodes 
proletella) and Thrips (Thrips tabaci). 
The most important fungal diseases in Brassica production are Alternaria blight, caused by 
the fungus Alternaria brassica and resulting in black spots on the leaves, black leg, induced by 
Leptosphaeria maculans causing stem canker, Verticillium longisporum resulting in black veins 
and wilting, and Clubroot (Plasmodiophora brassicae) resulting in swollen, club-shaped roots. 
In addition, downey mildew (Hyaloperonospora parasitica), damping-off (Rhizoctionia solani), 
white rust (Albugo candida), white mold (Sclerotinia sclerotiorum) and grey mold (Botrytis 
cinerea) are other fungal diseases in Brassica crops (Dillard et al, 2004; Srivastava et al, 2011). 
Important bacterial diseases include black rot caused by Xanthomonas campestris pv. 
campestris and leaf spots caused by Pseudomonas syringae pv. maculicola and X. campestris 
pv. raphani. As the last two bacterial pathogens are not systemic, yield losses are less severe. 
In addition, opportunistic bacteria damaging Brassica crops are Pectobacterium carotovorum, 
Pseudomonas fluorescens and Pseudomonas viridiflava.  
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Viral diseases are ‘Turnip mosaic potyvirus’, ‘Turnip yellow mosaic tymovirus’, ‘Cauliflower 
mosaic virus’ and ‘Beet western yellow luteovirus’ (Raybould et al, 1999). Several nematodes 
are capable of infecting Brassica crops, the most important being Heterodera cruciferae and 
Heterodera schachtii (Sasanelli et al, 2013). Knowledge on those pathogens and pests and 
their symptoms is crucial when performing field trials, for instance, the black veins resulting 
from Verticillium resemble X. campestris pv. campestris infection, but lack the V-shaped leaf 
necrosis typical for black rot disease. 
1.1.2. Epidemiology of X. campestris pv. campestris 
1.1.2.1. The taxonomy of the Xanthomonas genus 
The bacterial genus Xanthomonas consists of many economically important pathogens 
(Hayward, 1993). Initially, the genus was subdivided into species and pathovars based on host 
specificity (Burkholder, 1957). Later on, morphological, physiological and biochemical 
characteristics were used to divide Xanthomonas isolates into eight phenotypic groups, with 
X. campestris as one of them (Van den Mooter & Swings, 1990). The species Xanthomonas 
campestris thereby groups bacteria associated with cruciferous plants. Strains were 
reclassified by Vauterin et al. in 1995 based on DNA-DNA hybridization and strains belonging 
to the six following pathovars are classified within the X. campestris species: X. campestris pv. 
campestris, pv. armoraciae, pv. barbarea, pv. incanae, pv. raphani and pv. aberrans. However, 
the subdivision of strains into specific pathovars remains subject of discussion. For example, 
according to results of other researchers (Vicente et al, 2001; Fargier & Manceau, 2007; 
Fargier et al, 2011) X. campestris pv. aberrans is not different from X. campestris pv. 
campestris. In 2007 Fargier & Manceau even divided the strains into three groups based on 
the symptoms they produce. All isolates that cause black rot on at least one cruciferous host 
were proposed to be named X. campestris pv. campestris. Strains causing leaf spot disease on 
Brassicaceae and Solanaceae were named X. campestris pv. raphani and isolates inducing 
bacterial blight of garden stock were classified as X. campestris pv. incanae. 
X. campestris pv. campestris can be further divided into nine races based on their 
pathogenicity on different Brassica cultivars (Fargier & Manceau, 2007). Worldwide races 1 
and 4 are most common, although their distribution is different in the different geographic 
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locations. Race 1 appears to be most common in the United Kingdom, whereas race 4 is the 
dominant race in Portugal (Vicente, 2004), northwest Spain (Lema et al, 2012) and certain 
east-African countries such as Tanzania and Uganda (Mulema et al, 2011). There is no 
information available on the dominant race in Belgium. The other races are rarely 
encountered but might be more common in other host species which are less frequently 
surveyed (Vicente & Holub, 2013). 
Xanthomonas bacteria typically form yellow pigmented colonies on most media types as is 
indicated by the translation of the Greek name (xanthos = yellow, monas = single unit). This 
yellow color is the result of the production of yellow pigmented xanthomonadines, a type of 
carotenoids, in their outer membrane (Saddler & Bradburry, 2005). In addition, most 
Xanthomonas species produce the exopolysaccharide xanthan giving the colonies a mucoid 
appearance. Xanthan is an important virulence factor as it protects the bacterial cell against 
dehydration and improves adsorption to the plant. Because of the viscosity of xanthan, cell 
aggregates are formed which block the vascular system of the plant resulting in wilting of the 
leaves (Rudolph et al, 1987), which is regarded as an important step in disease development. 
1.1.2.2. Symptoms 
Typical symptoms include black-veins caused by the proliferation of X. campestris pv. 
campestris and the production of xanthan. When the nutrient supply is completely blocked, 
this results in V-shaped necrosis of the leafs and yellow leaf margins (Vicente & Holub, 2013; 
Figure 1.1). Due to water and nutrient shortage, the cabbage remains small and weak, 
opening opportunities for secondary infections and reducing the yield or making it even 
unsellable. 
 
Figure 1.1: Symptoms caused by an infection with X. campestris pv. campestris. V-shaped necrosis of a 
cauliflower leaf (A). Black veins in a red cabbage leaf stem (B).  
A B 
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1.1.2.3. The Xanthomonas campestris pv. campestris disease cycle 
There are several plant stages at which infection with X. campestris pv. campestris can occur 
(Figure 1.2). During seed production flowers can become infected through pollination with 
contaminated flies (Van Der Wolf & Van Der Zouwen, 2010). Infected flowers frequently result 
in contaminated seed. Less frequently, seeds become contaminated when developed on 
plants that are already systemically colonized with the pathogen (van der Wolf et al, 2013). 
Seeds can also become infected during harvest or after storage. In these cases, the 
contamination mostly remains in the seed coat and not internally. As infected seeds can result 
in infected plants, the disease is seed transmissible. This was proven by Roberts et al. (1999) 
by artificially infecting seeds using vacuum infiltration. However, the transmission of internal 
contaminations from naturally infected seeds to the plant after disinfection with hot water is 
low (Van Der Wolf & Van Der Zouwen, 2010; van der Wolf et al, 2013). Because of its seed 
transmissibility, the seed is tested by seed growers according to rules of the international 
seed testing association (ISTA) for the presence of X. campestris pv. campestris, with a 
tolerance of 0.01% (Schaad et al, 1990). When an infected seed gives rise to an infected plant, 
bacteria are easily spread between transplants by using overhead irrigation systems, leading 
to secondary infections (Roberts et al, 1999). In addition, the proportion of plants 
contaminated is much greater than the proportion showing symptoms (Roberts et al, 2007). 
Those contaminated transplants can be an important source for field infections when 
environmental conditions favor bacterial development. Therefore the tolerance standard for 
seed health testing should be revised to 0.004% according to Roberts et al, (2007) instead of 
the current 0.01%. 
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Other possible sources of contamination are infested fields. During harvest, crop residues are 
often left on the field. As X. campestris pv. campestris can survive on plant residues in soil for 
at least 24 months (Köhl et al, 2011), bad field hygiene leads to contaminations in the next 
year when crop rotation is not applied. Historically, a field rotation of three to four year is 
advised to reduce transmission of diseases via the soil (Alvarez & Cho, 1978). In absence of 
crop residues, X. campestris pv. campestris can survive for approximately 40 days in winter 
and 20 days in summer, depending on the soil type (Schaad & White, 1974; Dane & Shaw, 
1996). X. campestris pv. campestris can directly infect healthy Brassica plants through 
wounded roots (Cook et al, 1952). In addition, rain splash can transmit the pathogen to the 
Figure 1.2: Life cycle of Xanthomonas campestris pv. campestris (Kwan, 2016). Systemic infected plants can 
give rise to infected seed resulting in (symptomless) infected seedlings. When leaf and vascular tissue becomes 
infected, V-shaped lesions develop on the leafs. The bacteria can also be spread through contaminated plant 
debris or via dispersal by wind, rain or water splash. New plants then become infected through hydathodes, 
wounds or via the roots.  
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leafs where they can infect via the hydathodes, the natural entry point for X. campestris pv. 
campestris. Also leaf wounds and stomata can occasionally be used as an entry point but 
when entered through the stomata, infection is limited to dark spots suggesting that vascular 
movement is necessary for more extended disease development (Cook et al, 1952). The 
infection remains often latent when temperatures are below 15-18°C. When temperature 
rises, the typical symptoms become evident (Schaad & Alvarez, 1993). Humid weather 
conditions in the late summer and autumn promotes the proliferation and spread of bacterial 
diseases and can lead to an estimated production loss of 25%. X. campestris pv. campestris 
occurs worldwide but the damage is more severe in warm, humid climates (Williams, 1980). 
As a result of the climate change, black rot will become increasingly important in more 
northern latitudes of vegetable production (Vicente & Holub, 2013). 
1.1.3. Disease control measures 
Management of black rot disease caused by X. campestris pv. campestris mainly consists of 
prevention as there is no cure yet available once the bacteria are in the plant tissue or 
symptoms appear on the field. Based on the disease cycle there are a few critical points that 
should receive attention in order to control the disease. Furthermore, the use of disease 
resistant varieties can reduce yield loss through black rot disease. Finally, as the present 
control measures are not 100% effective, research for new crop protection agents is 
continuing. 
1.1.3.1. Seed testing and desinfection 
As the disease is seed transmissible, clean seeds are a prerequisite for a healthy start. In 
Flanders, most Brassica seeds come from seed companies situated in the Netherlands. Seed 
quality is controlled by an independent organization, Naktuinbouw, according to European 
methods and regulations (Roberts & Koenraadt, 2014). Seed of unknown origin or 
contaminated seeds can be disinfected using a hot water treatment of 15 to 25 minutes at 
50°C (Nega et al, 2003). However, this treatment can decrease germination of the seed. 
Alternatively, chemical treatments such as sodium hypochlorite, hydrogen peroxide, hot 
acidified cupric acetate or zinc sulfate are available, but no treatment is totally effective 
(Vicente & Holub, 2013).  
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1.1.3.2. Phytosanitary measures in plant nurseries 
In plant nurseries, potting soil, trays and irrigation water should be free of pathogens and 
overhead irrigation should be avoided to reduce the spread of possible contaminants (Roberts 
et al, 2007). Irrigation water can be disinfected using chlorine dioxide (Krauthausen et al, 
2011).  
1.1.3.3. Phytosanitary measures on the field 
In the field, the deposition of crop rests in or on the soil should be avoided and a crop rotation 
period of three to four years is essential to avoid contamination with X. campestris pv. 
campestris through survival on plant rests in the soil (Köhl et al, 2011). In addition, irrigation 
with water from a nearby stream should be avoided as the water can be contaminated by the 
drain of an infested upstream field. Irrigation can also spread the pathogen through splashing 
and by plant manipulations under wet leaf conditions. Working equipment should be clean 
and transfer from an infected field to an uninfected field should be avoided. Cruciferous 
weeds can transmit X. campestris pv. campestris and should therefore be removed from the 
field (Kuan et al, 1986; Ignatov et al, 2007). A good balanced nitrogen fertilization favors 
general plant health and resistance to disease, also to X. campestris pv. campestris invasion, 
systemic growth and symptom development (McElhaney et al, 1998). The meticulous 
application of those phytosanitary measures can significantly reduce the spread of the 
pathogen and disease development (Schaad & Alvarez, 1993). 
1.1.3.4. Disease resistant varieties 
The use of disease resistant varieties can reduce yield loss through black rot disease. Field 
trials performed in Tanzania demonstrated variability in resistance among the tested 
genotypes, however, none of the tested cultivars was completely resistant (Jensen et al, 
2005). Resistance was proven to be dependent on the race of X. campestris pv. campestris 
used for inoculation and the Brassica species being tested (Taylor et al, 2002; Lema et al, 
2012). A recent study identified the genes responsible for resistance in Brassica oleracea var. 
capitata cultivar ‘Pusa mukta’. Of the differentially expressed genes, 35% were defense-
related, most of them being part of the plants hypersensitive response (Roohie & Umesha, 
2015). In general, most research has been focused on B. oleracea (representing the C genome 
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of brassicas) with limited success (Taylor et al, 2002; Vicente et al, 2002; Williams et al, 1972). 
However, the most common and potentially useful sources of resistance occur in the A and B 
genomes such as B. rapa (A genome), B. carinata (BC genome) and B. napus (AC genome) 
(Vicente & Holub, 2013). Also the wild relative Arabidopsis thaliana contains resistance genes 
to X. campestris pv. campestris (Buell & Somerville, 1997). Further characterization of these 
resistance genes and their homologues in other Brassica species can help to develop more 
resistant cultivars, by combining them with the multiple gene based partial resistance already 
present in some B. oleracea cultivars (Vicente & Holub, 2013). 
1.1.3.5. Chemical and biological control agents 
Treatment with copper formulations are sometimes applied, however, their efficacy remains 
limited and resistance development has already been noted (Lugo et al, 2013). Also in view 
of ecotoxicity, the use of copper-based agrichemicals is undesirable (Cooksey, 1994; Pietrzak 
& McPhail, 2004). 
As the present control measures are not 100% effective, research for new crop protection 
agents is continuing. In vitro assays demonstrated disease control when applying plant 
extracts from Prosopis juliflora, Oxalis corniculata and Lawsonia inermis comparable to that 
of the antibiotics bacterimycin and streptomycin (Satish et al, 1999). Field trials have shown 
the efficacy of Bacillus subtilis strain BB against X. campestris pv. campestris. However, 
amount of rainfall and soil type, as well as host plant species and pathogen strain affected 
biocontrol activity. Under extremely favorable conditions for the pathogen, biological control 
was less successful (Wulff et al, 2002). Similar results were obtained by a study in Tanzania, 
applying three different Bacillus strains to cabbage roots (Massomo et al, 2004). Another 
study also reported the biocontrol potential of rhizospheric Pseudomonas and Bacillus in the 
greenhouse in a foliar spray or as a seed treatment combined with soil drenching (Mishra & 
Arora, 2012a). Those trials demonstrate the potential of biological control although more 
research is necessary to develop a reliable treatment. 
The use of phage therapy constitutes another attractive alternative. Bacteriophages are 
viruses that specifically infect bacteria, their replication resulting in the lysis of their bacterial 
host and the release of newly formed phage particles. Phage therapy has not yet been 
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investigated for X. campestris pv. campestris but results are available for other Xanthomonas 
pathogens. Phage therapy was proven to be as successful as a combined copper hydroxide - 
mancozeb treatment against Xanthomonas leaf blight of onion, caused by X. axonopodis pv. 
allii (Lang et al, 2007). Phage treatment in citrus nurseries against X. axonopodis pvs. citri and 
citrumelo provided significant control but was equally or less effective than copper-
mancozeb. Combining phages with copper-mancozeb did not lead to a better disease control 
than the pesticide alone (Balogh et al, 2008). In tomato, a combination of phages and the 
systemic acquired resistance inducer acibenzolar-S-methyl provided excellent disease control 
against X. campestris pv. vesicatoria, in contrast to treatments with plant growth-promoting 
rhizobacteria, antagonistic bacteria or copper hydroxide (Obradovic et al, 2005). Thus, 
previous research demonstrates that under specific conditions phages could provide added 
value for disease management in combination with current integrated control strategies. A 
more extensive discussion on the possibilities of phage therapy can be found in chapter 1.4. 
1.2. Bacterial pathogens in leek production 
1.2.1. Leek production: from seed to harvest 
Leek (Allium ampeloprasum var. porrum or shortly Allium porrum) belongs to the Alliaceae 
family, together with onion, chives and garlic. Leek production in Belgium was responsible for 
181.100 tons of the worldwide annual production of 2.12 million tons in 2013. This puts 
Belgium on the third place of the top leek producing countries after Indonesia and Turkey 
(FAOSTAT 2016). Most of the 4700 hectares used for leek production are situated in Flanders 
(De Clercq et al, 1999). In 2012, 71.976 tons were exported, mostly to Germany and France 
(VLAM). One third of the Belgian leek production is processed by industry (De Clercq et al, 
1999). Recently, a serious increase in the prevalence of leek bacterial blight in Flanders, 
Belgium, has been reported, probably because a growing number of Flemish farmers buy leek 
transplants from plant nurseries. In general, high plant densities in those nurseries, combined 
with plant manipulations such as irrigation and mowing, promotes dissemination of 
pathogens (Koike et al, 1999). 
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1.2.1.1. The growing season of leek 
Leek is a perennial crop that can be cultivated whole year long with different cultivars for 
growth during summer, autumn or winter. Seeds are formed in the second growth year after 
a vernalization period. Mostly seeds are sown in a seed bed in the greenhouse or on the field 
and after mowing of the leaf tops, plantlets are transplanted to the production field. In 
Flanders, most farmers buy their transplants from commercial plant production centers. After 
harvest, the leek plants are cleaned on the production site, often leaving crop waste on the 
field. This forms an important source for infection as P. syringae pv. porri can survive in crop 
waste and colonize leek plants via the roots (van Overbeek et al, 2010). 
1.2.1.2. Diseases of leek 
In general, crop losses can be caused by abiotic stress such as adverse environmental 
conditions or nutrient limitations as well as by biotic stresses such as weeds, insects, 
nematodes, micro-organisms or viruses each leading to important losses in crop production 
(cfr. chapter 1.1.1.2). The most common insects in leek production are aphids, leek moth 
(Acrolepiopsis assectella), onion fly (Delia antiqua), mites, thrips (Thrips tabaci) and onion 
leafminer (Liriomyza cepea).The most destructive fungal diseases on leek include smudge 
(Colletotrichum circinans), leaf blotch (Cladosporium allii), white tip (Phytophtora porri), 
purple blotch (Alternaria porri), rust (Puccinia allii), Fusarium foot rot (Fusarium oxysporum), 
white rot (Sclerotium cepivorum) and leaf blight (Stemphyllium botryosum). Known bacterial 
diseases are leaf blight caused by P. syringae pv. porri and the opportunistic pathogens 
Pectobacterium carotovorum and Pseudomonas fluorescens causing rot. Viral diseases are 
‘leek yellow stripe’ and ‘onion yellow dwarf’, causing yellow leaf stripes. Parasitic nematodes 
on leek are Paratrichodorus sp., Pratylenchus sp., Ditylenchus sp. and Scutellenoma sp. (Hitch 
et al, 2005; Hall et al, 2007). None of the symptoms of those parasites resemble the leaf 
curling and water soaked spots caused by P. syringae pv. porri. 
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1.2.2. Epidemiology of P. syringae pv. porri 
1.2.2.1. Taxonomy of Pseudomonas syringae 
Leek bacterial blight was first reported as being caused by a Pseudomonas bacterium in 1952 
by Lelliot and two decades later, in 1975, Hale attributed the pathogen to P. syringae. This 
bacteria was then classified as a new pathovar, P. syringae pv. porri, based on extensive 
research by Samson et al. in 1998. Leek (Allium porrum) is the major host, but the pathogen 
has also been diagnosed on onion (Allium cepa) and on shallot (Allium cepa var. 
aggregatum)(Noble et al, 2006). Currently, the disease is widespread and has been reported 
in the United Kingdom (Lelliott, 1952), France (Samson et al, 1981), New Zealand (Hale, 1975), 
The Netherlands (Janse, 1982), Italy (Varvaro, 1983), the United States (Koike et al, 1999), 
Australia (Noble et al, 2006), Greece (Glynos & Alivizatos, 2006), Japan (Goto, 1972) and Korea 
(Myung et al, 2011, 2012).  
P. syringae pv. porri is part of the P. syringae species complex that harbors mostly plant 
pathogens infecting a wide range of hosts, although host range of individual pathovars is 
limited. P. syringae was presumed to be an ubiquitous epiphyte but because of its unique ice 
nucleation activity, its role in Earth system processes has been investigated, pointing towards 
its important role in the water cycle. The diverse habitats in which P. syringae is present form 
a reservoir of genetic diversity (Morris et al, 2013). The P. syringae species complex was 
divided into nine genomospecies by Gardan et al, (1999) based on DNA-DNA hybridization 
studies. P. syringae pv. porri was grouped into genomospecies 4, together with other 
pathovars mostly infecting graminaceous species except for the pathovar garcae from coffee. 
The same grouping was obtained by Parkinson et al, (2011) using a specific sequence region 
of the rpoD gene. Also the MLSA study of Sarkar & Guttman (2004) supported this grouping. 
Discussion is ongoing whether those genomospecies should be upgraded to a species level. 
Therefore, the old criteria for species delineation need to be adapted to include novel 
molecular characterization methods (Young, 2010). 
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1.2.2.2. Symptoms induced by P. syringae pv. porri 
Typical symptoms include leaf curling and yellowing of the middle vein in young plants and 
water soaked spots on older leaves and flowering stems (Samson et al, 1998; Noble et al, 
2006) (Figure 1.3). The bacteria can cause similar symptoms in onion, chives and garlic plants 
(Koike et al, 1999). 
 
 
1.2.2.3. Disease cycle of P. syringae pv. porri 
Pseudomonas syringae pv. porri is seed transmissible, infected seeds thus form an important 
source of inoculum (Koike et al, 1999; Ikene et al, 2003). Some Flemish seed companies , for 
example Bejo, test their seeds for the presence of P. syringae pv. porri (Bejo, personal 
communication), however, there are no international accepted protocols and rules, meaning 
that there is still a risk of contaminated seeds being traded and planted. As seeds are sown in 
Figure 1.3: Symptoms in leek plants infected with P. syringae pv. porri. A, Water soaked and necrotic spots 
on a leek leaf. B, Field with infected leek plants showing leaf curling and yellowing of the middle vein and leaf 
tops. 
A 
B 
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seedbeds, soil with contaminated crop rests can infect healthy plants via the roots or through 
rain splashing (van Overbeek et al, 2010). Recently, evidence appeared that P. syringae can 
be spread over long distances in dry aerosols and also rainfall might be a strong source of 
inoculum (Morris et al, 2013). The bacteria can enter the leaves through wounds caused by 
insects or excessive growth, via aphids (Stavrinides et al, 2009) and through natural leaf 
openings such as stomata or hydathodes (Beattie & Lindow, 1999). On young plants, the 
presence of the bacteria can remain latent and symptoms often only appear on the 
production field under warm humid conditions. Also there, infested soils are a contamination 
source and irrigation and rain can spread the pathogen (Koike et al, 1999; Figure 1.4). 
 
Figure 1.4 Life cycle of P. syringae pv. porri. Systemic infected plants can give rise to infected seed resulting in 
(symptomless) infected seedlings. When leaf tissue becomes infected, long water-soaked lesions develop on the 
leafs. The bacteria can be spread through contaminated plant debris or via dispersal by wind, rain or water 
splash. New plants then become infected through hydathodes, wounds or via the roots. (Figure courtesy of T. 
Van den Brande) 
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1.2.3. Disease control measures 
1.2.3.1. Phytosanitary measures 
Management of leaf blight of leek caused by P. syringae pv. porri mainly consists of prevention 
as there is no cure yet available once the symptoms appear on the field. Prevention of 
infection by the meticulous application of phytosanitary measures is therefore the best 
method to manage P. syringae pv. porri infections in leek. As the production of leek requires 
the same steps as in cabbage production, critical points for infection remain the same. For an 
extensive discussion of them we refer to chapter 1.1.3.1-1.1.3.3. 
1.2.3.2. Disease resistant varieties 
There is little research available on breeding for leaf blight resistance in leek, however, there 
are indications for natural variation in disease susceptibility among cultivars (De Clercq et al, 
1999). The use of cultivars with low disease susceptibility is thus a first step in disease 
management. 
1.2.3.3. Chemical and biological control agents 
Current treatments with copper formulations have a limited efficacy and are undesirable 
because of resistance development and eco-toxicity (Cooksey, 1994; Pietrzak & McPhail, 
2004). No research is available concerning new control agents for bacterial blight of leek, but 
lessons can be learned from research with the related pathogen P. syringae pv. tomato. For 
example, the systemic acquired resistance inducer acibenzolar-S-methyl has proven 
promising in the control of P. syringae pv. tomato (bacterial speck) as well as X. campestris 
pv. vesicatoria (bacterial spot) on tomato alone or in combination with copper bactericides 
(Louws et al, 2001). However, a negative impact on the yield has been reported (Romero et 
al, 2001). Recent research shows the potential of silicon and chitosan as plant resistance 
inducers against bacterial speck in tomato (Lage et al, 2013; Mansilla et al, 2013). 
Furthermore, multiple studies report on the potential of biological control agents and plant-
growth-promoting rhizobacteria (PGPR) in controlling bacterial speck of tomato (Lanna Filho 
et al, 2013; Bashan & De-Bashan, 2002). However, in the fields, treatment with biocontrol 
agents are often less effective than in the more controlled environment of greenhouses (Ji et 
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al, 2006). Also some plant extracts have antibacterial efficacy against tomato speck (Balestra 
et al, 2009). Finally, bacteriophages have been proven successful in controlling P. syringae 
disease on tomato (Flaherty et al, 2000). This resulted in the commercial product Agriphage 
(Flaherty et al, 2000; Balogh et al, 2003). The effect of all these substances on P. syringae pv. 
porri infection still has to be investigated, as each plant-pathogen combination has its own 
characteristics. In addition, to develop a phage therapy, novel bacteriophages have to be 
found because of their natural specificity. This is the part where this research will focus on. 
See chapter 1.4 for a more general discussion on the possibilities of phage therapy. 
1.3. Introduction on bacteriophages 
1.3.1. History 
Viruses infecting bacteria were discovered in parallel by Frederick Twort (Twort, 1915) and 
Felix d’Herelle (D’Hérelle, 1917), who named them bacteriophages (from the Greek phagein 
meaning to eat). The potential of phages in the control of bacterial pathogens was 
immediately recognized and treatments were developed for human disease control. The 
discovery of penicillin, which provided protection against a broader range of pathogens, in 
combination with failing phage therapy trials and World War II, resulted in the loss of interest 
in phage therapy in the western world. There, phages were only used as a tool to understand 
fundamental molecular biology and as vectors for horizontal gene transfer (Clokie et al, 2011). 
Nevertheless, phage therapy was further developed and extensively used in Eastern Europe 
and the former Sovjet Union (Pirnay et al, 2011). However, the last decades the problem of 
antibiotic resistance increases and more countries are revisiting phage therapy (Matsuzaki et 
al, 2014). In agriculture, also the desire for a more sustainable practice has resulted in a 
renewed interest in phage therapy for bacterial disease control (Balogh et al, 2010; Jones et 
al, 2012; Zaczek et al, 2015). 
1.3.2. Phage taxonomy 
There are an estimated 1031 viruses on Earth, most of which are phages (Breitbart & Rohwer, 
2005). Their classification is based on morphology, using electron microscopy images, and 
nucleic acid type and is controlled by the International Committee on the Taxonomy of 
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Viruses (ICTV). The goal of this phage classification is to summarize and categorize data and, 
ideally, explaining evolutionary relationships among phages (Ackermann, 2005). Currently, in 
the Ninth Report of the ICTV (King et al, 2012), one order and 10 families of viruses are 
described infecting bacteria (Figure 1.5). Most phages contain dsDNA and among them, the 
order Caudovirales, or tailed phages, contains the most often observed and well characterized 
phages (Ackermann, 2011). The order Caudovirales is subdivided into three families, the 
family Myoviridae with long, contractile tails, Podoviridae with short tails and Siphoviridae 
with long, non-contractile tails. Phage classification is an ongoing process as new phages are 
discovered daily (Ackermann, 2009). This classification process is complicated by the absence 
of a universal gene present in all phages, complicating phylogenetic analysis (Rohwer et al, 
2002). As a result, several research groups have proposed their own classification scheme for 
the taxonomy of phages. For example, Lavigne and colleagues used blastp-related tools for 
the definition of genera and subfamilies based on percentages of shared proteins, with cut-
off values of respectively 40% and 20% (Lavigne et al, 2008, 2009b). Recently, protein 
similarity has further been used to construct phylogenomic networks based on the number 
of shared orthologous protein families between phages, in order to unravel the phylogeny of 
new phages (Jang et al, 2013). These efforts have led to a more established genome-based 
taxonomy being implemented, specifically within the Caudovirales (Adriaenssens et al, 2015). 
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Figure 1.5: Overview of viruses infecting prokaryotes (King et al, 2012). Viral families infecting bacteria are 
Myoviridae, Podoviridae, Siphoviridae, Corticoviridae, Plasmaviridae, Tectiviridae, Inoviridae, Microviridae, 
Cystoviridae and Leviviridae. 
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1.3.3. Phage ecology 
1.3.3.1. Phage global distribution 
Phage abundance was first studied using epifluorescence microscopy indicating the presence 
of about 3 x 106 particles/ml in deep sea and 108 particles/ml in coastal water (Suttle, 2005). 
Also in soil, substantial phage populations have been detected with about 1.5 x 108 particles/g 
soil to 4.1 x 109 particles/g soil, depending on the soil type and location (Ashelford et al, 2003; 
Williamson et al, 2005). A higher amount of virus-like particles (VLPs) was found in forest soil 
compared to agricultural soil, probably because of the higher soil organic matter and water 
content of the former (Williamson et al, 2005; Srinivasiah et al, 2008). Some studies suggest 
phages are globally spread with adaptations to their local host (Kunin et al, 2008), while other 
researchers state that some phages are globally distributed while others are unique and 
endemic to certain environments (Thurber, 2009). Question remains where phages go when 
their host is absent from the environment (Thurber, 2009). 
1.3.3.2. Phage survival in the plant environment 
In regard to phage therapy, it is important to know how phage manage to find new bacteria 
to infect before succumbing to environmental induced virus decay (Gill & Abedon, 2003). In 
the rhizosphere, soil structure and chemistry have an impact on phage transport and survival 
of free phages and their hosts. Mostly soils are only partially hydrated complicating phage 
diffusion. Furthermore, phage transport can be limited to biofilms or they can reversible 
absorb to particles such as clay. This phage absorption depends on virion surface chemistry, 
virion size and pH (Marsh & Wellington, 1994; Chattopadhyay & Puls, 2000). Adsorption limits 
phage transport but can have a protective effect by keeping them in a hydrated environment 
(Williams et al, 1987). When bacteria grow, swim or diffuse into phage vicinity or when the 
soil particle is transferred to an environment where the host bacteria is present, phage 
infection process can start (Gill & Abedon, 2003). Laboratory experiments indicate that an 
initial phage amplification occurs when bacterial density reaches a critical limit of around 5 x 
106 CFU/g soil, after which a stable equilibrium follows lasting weeks or months (Pantastico-
caldas et al, 1992). Disruption of this equilibrium can result in disease as was demonstrated 
with research on phage infecting the bacterium Vibrium cholera in environmental water 
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reservoirs. Phages can reduce the severity of an outbreak if the outbreak is initiated by a rise 
in bacterial density. However, if phage predation limits bacterial density before an outbreak, 
a transient reduction in phage density can distrupt the limitation resulting in a cholera 
outbreak (Jensen et al, 2006). This means that a correct timing of phage application will be 
crucial for a successful phage therapy. Also the fact that phage application results in an 
equilibrium instead of eradicating the bacterial host will need to be taken into account. 
The plant phyllosphere forms a more harsh environment for phage survival than soil given the 
exposure to UV-irradiation and desiccation. A study with phages infecting Erwinia amylovora 
indicated that the soil was functioning as a phage reservoir since phages were less readily 
isolated from aerial plant parts (Gill et al, 2003). However in another study, phages infecting 
E. amylovora have been found abundantly in the plant phyllosphere (Ritchie et al, 1977). 
When present in the soil, some phages are capable of systemic movement via adsorption 
through the roots thereby colonizing the plant (Iriarte et al, 2012). Phages of plant pathogenic 
bacteria have also been found in irrigation water, agricultural drainage and even sewage 
water (Thomas & Leary, 1983). Also insects could spread phages as was proven for an Erwinia 
phage isolated from a corn flea beetle (Woods et al, 1981). Presumably, phage dispersal 
follows the same paths as bacteria do.  
1.3.3.3. Co-evolution of bacteria and phage 
The interaction between bacteria and phage in soil results in a co-evolutionary process that 
drives the diversification of bacteria and phages. The resulting arms race comes at some 
metabolic cost, leading to a fluctuating selection (Gómez & Buckling, 2011). A bacterium that 
does not display phage-resistance may be able to drive resistant bacteria to extinction, as long 
as phages are not present (Bohannan & Lenski, 2000). Bacterial mutations resulting in phage 
resistance can influence bacterial virulence. As phages often use structures on the bacterial 
surface as receptor, strains with modification in those structures will be resistant to infection 
and may also exhibit reduced virulence (León & Bastías, 2015). For example, 50% of phage 
resistant X. campestris pv. pruni strains demonstrated reduced virulence (Randhawa & 
Civerolo, 1986). The opposite was also observed with infection of X. campestris pv. oryzae 
with Xf and Xf-2 resulting in an increased bacterial virulence on rice, probably as the result of 
a greater amount of extracellular polysaccharide (Kamiunten & Wakimoto, 1982).  
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1.3.3.4. Phage life cycle 
Phages play an important role in the biology of microbes, which themselves have a large 
impact on the environment (Clokie et al, 2011). Phages have various possible life cycles. The 
lytic life cycle is where phages infect and rapidly kill there host, thereby releasing new phage 
particles. The lysogenic life cycle in contrast, is where phages integrate into their host genome 
or exist as plasmids within their host cell. This lysogenic life cycle can be stable over multiple 
generations until for example DNA damage triggers them to enter into the lytic life cycle. 
Finally some archaeal viruses have a chronic infection lifestyle in which phages are slowly shed 
over a long time period without obvious cell death (Clokie et al, 2011). Based on their life 
cycles, phages can be divided in virulent phages, only capable of the lytic cycle, and temperate 
phages, phages also capable of the lysogenic cycle (Gill & Abedon, 2003). Lysogeny is 
hypothesized to be an adaptation for phage to maintain their population in “hard times”, 
when the host bacterial density is below the concentration needed for phages to be 
maintained by lytic replication alone. As temperate phages can cause superinfection 
exclusion, generalized transduction, and sometimes carry virulence factors, toxins or 
antibiotic resistance genes, using them in a phage therapy is not advisable, though 
generalized transduction is not unique to temperate phages (Gill & Hyman, 2010; Waddell et 
al, 2009).  
1.3.4. Phage morphology 
Of all characterized phages, 96% are tailed phages belonging to the order of Caudovirales 
having double stranded DNA (dsDNA) packed into a head which is attached to a tail 
(Ackermann, 2007). Of the tailed phages 61% have long non-contractile tails and belong to 
the Siphoviridae family. Podoviridae (14%) are closely related to the Siphoviridae with the 
major difference being their tail length, probably caused by the absence of a tail length ruler 
molecule (Ackermann, 2005). In myoviruses (24.5% of all phages), this tail is contractible 
consisting of a tail tube surrounded by a tail sheath, at one side connected to the head by the 
collar and a the other end a hexagonal baseplate with long and short tail fibers (Figure 1.6). 
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Figure 1.6: Schematic representation of the morphology of myoviridae phage T4 (Leiman et al, 2010). 
1.3.5. Infection cycle 
1.3.5.1. Attachment 
Infection by tailed phages starts when specialized adsorption structures, such as fibers or 
spikes, bind to specific surfaces molecules or capsules on the target bacteria (Guttman et al, 
2005). In gram-negative bacteria, the group that X. campestris pv. campestris and P. syrinae 
pv. porri belong to, proteins, oligosaccharides as well as lipopolysaccharides can act as a 
receptor (Guttman et al, 2005). Expression of the phage receptors can be dependent on 
physiological parameters as is the case for the lambda receptor only being expressed when 
maltose is present (Szmelcman & Hofnung, 1975). Many phages require specific cofactors for 
binding, such as the divalent cations Ca2+ or Mg2+ (Puck et al, 1951). Bacteria commonly 
develop resistance to a specific phage through mutational loss or by altering the receptor. 
However, losing a specific receptor does not provide protection to other phages binding to 
other receptors. In addition, phages can acquire compensating adaptations to their receptor 
binding protein (RBP) which leads to host range mutant (H-mutant) phages, mostly a result 
from alterations in their tail fibers. For example, the host range of the P. aeruginosa phages 
PaP1 and JG004, related to our newly isolated KIL-phages, depends on the tail-fiber protein 
(Le et al, 2013). In general, those tail fiber regions are highly variable between related phages 
with high rates of recombination resulting in new chimeric adhesins (Guttman et al, 2005). 
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1.3.5.2. Penetration 
After irreversible attachment follows the DNA transfer from the phage head, through the tail, 
into the bacterial cell. Peptidoglycan degrading enzymes are often present on the tail tip 
facilitating this transfer (Fokine & Rossmann, 2014). Phages protect their DNA from 
degradation by the host by circularizing the linear DNA or protecting the genome ends. In 
addition, some phages inhibit the nuclease of the host or protect the genome against 
nucleases by the use of modified nucleotides or through evolutionary loss of genome sites 
that would have been recognized (Guttman et al, 2005). 
1.3.5.3. Transition to a phage directed metabolism 
The initial step generally involves the direction of the host RNA-polymerase towards phage 
promoters for transcription of the immediate early phage genes. However, some phages such 
as phage phiKZ encode their own RNA-polymerase making it independent of the host 
transcription apparatus (Ceyssens et al, 2014). The products of the early genes play a role in 
protection of the phage genome and restructure the host for the needs of the phage. Some 
of these gene products are lethal to the host when cloned (Miller et al, 2003). Then the middle 
genes are transcribed, necessary for phage DNA replication followed by the late genes coding 
for components of the phage particle (Guttman et al, 2005). 
1.3.5.4. Morphogenesis 
At the end of the replication process, DNA is packaged into preassembled icosahedral protein 
shells called procapsids. Different DNA packaging strategies are possible, resulting in six types 
of genome termini: (i) single-stranded cohesive ends, (ii) circularly permuted direct terminal 
repeats, (iii) short, several hundred base pairs exact (non-permuted) direct terminal repeats, 
(iv) long, several thousand base pairs exact (non-permuted) direct terminal repeats, (v) 
terminal host DNA sequences, and (vi) covalently bound terminal proteins (Casjens & 
Gilcrease, 2009). Most tailed-phage package DNA from concatemeric substrates that result 
from rolling-circle replication. First the DNA is recognized by the DNA terminase after which 
it is cleaved and transferred to the procapsid via the “portal”. The tail is assembled separately 
and is afterwards attached to the head (Leiman et al, 2003).  
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1.3.5.5. Cell lysis 
This final step, of which the timing is strictly regulated, releases the new phage particles after 
which the cycle can start again (Wang et al, 2003). Tailed phages use a two component system 
for lysis in which a holin forms pores in the inner membrane, used by the lysin which 
hydrolyses the peptidoglycan (Guttman et al, 2005). Recently, also a spanin complex was 
found to be important for lysis by destabilizing the outer membrane of Gram negative 
bacteria (Young, 2014). 
1.4. Phage therapy in crop protection 
As current control measures for bacterial pathogens in agriculture are limited and often prove 
ineffective (chapters Fout! Verwijzingsbron niet gevonden. and Fout! Verwijzingsbron niet ge
vonden.), researchers investigate the potential of phage therapy as part of an integrated 
disease management strategy in the field. The low production cost and relative ease of 
preparing phage treatments make them good candidates for widespread use (Loc-Carrillo & 
Abedon, 2011).  
1.4.1. Phage isolation and characterization 
The success of phage therapy starts with the isolation and characterization of suitable phages. 
Therefore, first the collection of bacterial strains representative of the intra pathovar diversity 
is advisable (Balogh et al, 2010). These bacterial strains can be used in enrichment techniques 
to isolate novel phages, which are likely to be present in environmental niches in which the 
host bacterium is present (Gill & Hyman, 2010). Phages in that niche are most likely adapted 
to the local environmental conditions and bacterial host. However, as host and phage are 
present on the same location, it might indicate that the phages will not completely eradicate 
the host but coexist in equilibrium (Pantastico-caldas et al, 1992). Phages can be isolated from 
diseased tissue and soil in contact with diseased plant parts (Balogh et al, 2010). The isolation 
of phages can be an ongoing process during treatment when resistance development occurs, 
therefore the development of a phage bank might be necessary (Balogh et al, 2010). In vitro 
characterization of the phages is then necessary to ensure they are strictly virulent. 
Temperate phages can cause superinfection exclusion (the inability of new phages to infect a 
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bacterial host which has an integrated phage in its genome), transduction, and sometimes 
carry virulence factors, toxins or antibiotic resistance genes, making them unsuitable for 
phage therapy applications (Gill & Hyman, 2010). Filamentous phages, which chronically 
infect their host, have been reported to alter the virulence of the host and should therefore 
be extremely well characterized before use (Addy et al, 2012b, 2012a). Other phage 
characteristics that need to be studied is their stability in the application environment and 
their host range (Gill & Hyman, 2010). Most researches did not find correlations between in 
vitro phage growth characteristics and phage therapy efficiency, but a recent study states that 
in vitro growth rate can serve as a predictor for therapeutic success (Lindberg et al, 2014). As 
phages can be present on consumable plant parts, genome sequencing to control the 
presence of toxin-coding genes is considered prudent. Furthermore, genome sequences are 
essential when registering the phages for commercial applications (Gill & Hyman, 2010). 
1.4.2. State of the art in phage therapy 
In agriculture, phage therapy research has been conducted in multiple crops for pathogens 
including “Dickeya solani” (Adriaenssens et al, 2012b), Erwinia amylovora (Boulé et al. 2011; 
Gill et al. 2003), Pectobacterium carotovorum (Ravensdale et al, 2007), Ralstonia 
solanacearum (Fujiwara et al, 2011), Streptomyces scabies (McKenna et al, 2001), X. 
axonopodis pvs. citri and citrumelo (Balogh et al, 2008) and X. campestris pv. vesicatoria 
(Balogh et al, 2003) (Table 1.1). To date, phage research resulted in a limited number of 
commercial phage-based products for agricultural use. These products are for control of two 
tomato pathogens, X. campestris pv. vesicatoria and P. syringae pv. tomato (AgriPhage; B 
Balogh et al., 2003; Flaherty et al., 2000) and against potato rot caused by Pectobacterium 
and Dickeya (Biolyse, APS Biocontrol Ltd.), although the latter has only been approved as a 
packaging aid. 
  
Table 1.1: Overview of phage biocontrol trials in crop protection. Adapted and updated from Zaczek et al, (2015)  
 
  
Target organism Phage symbol Host plant Type of investigation Application method Result 
‘Dickeya solani’ LIMEstone1, 
LIMEstone2 
Potato (cultivar 
Kondor) 
Field trial Potato tubers were submerged in 
D. solani (108 CFU/ml) in a 
vacuum incubator, air dried and 
sprayed with LIMEstone1 (1010 
PFU/ml) before planting 
The experimental phage 
treatment resulted in a 13% 
higher yield compared to the non-
treated infected plants 
(Adriaenssens et al, 2012b) 
Erwinia amylovora PEa1, PEa116B, 
PEa116C 
Apple Field trial Apple blossoms were inoculated 
with the three-phage mixture and 
a marked strain of E. amylovora 
Significantly less fire blight on 
inoculated blossoms treated with 
phage resulting in 26% to 37% 
control. High populations of phage 
were dependent on the presence 
of E. amylovora. (Schnabel et al, 
1999) 
 φEa21-4, φEa35-4, 
φEa9-5, φEa46-1, 
φEa45-1 
Apple (Golden 
delicious), pear 
Field trial Apple and pear blossoms were 
sprayed with E. amylovora Ea6-4 
1*106 CFU/ml, and treated with a 
cocktail of Pantoea. agglomerans 
108 CFU/ml and phage 108 
PFU/ml the day after pathogen 
inoculation 
Phage-carrier treatments were as 
effective as streptomycin with a 
minimum phage concentration of 
106 PFU/blossom necessary for 
success (Lehman, 2007) 
Pectobacterium 
carotovorum subsp. 
carotovorum 
φEcc1 to φEcc12, 
φEcc13 to φEcc14 
Calla lily Greenhouse trial Tubers were treated with 25 ml 
P. carotovorum Ecc1 104 CFU/ml, 
immediately after 25 ml phage 
mix 106 PFU/ml was added 
Single phage isolates as well as a 
mixture of four phages 
significantly reduced maceration 
of tuber tissue with more than 
50% (Ravensdale et al, 2007) 
 PP1 Lettuce Greenhouse trial Seedlings were sprayed with a 
high-titer phage suspension with 
addition of 10mM MgCl2 one day 
after pathogen inoculation (strain 
Pcc3, 108 CFU/ml) 
PP1-treated lettuces showed a 
decreased incidence of soft rot, 
comparable to the uninfected 
control (Lim et al, 2013) 
Ralstonia solanacearum unknown Tobacco Greenhouse trial Transplants were treated with an 
avirulent strain of R. 
solanacearum, M4S and phage at 
planting, 4 days later a virulent R. 
solanacearum was applied 
Plants were significantly protected 
by treatment with a combination 
of M4S and phage (Tanaka et al, 
1990). 
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Table 1.1 (continued): Overview of phage biocontrol trials in crop protection. Adapted and updated from Zaczek et al, (2015) 
Target organism Phage symbol Host plant Type of investigation Application method Result 
Ralstonia solanacearum φRSL1 Tomato (cultivar 
Oogata-Fukuju) 
Greenhouse trial Tomato seeds were sown in 
pellets soaked with a phage 
solution (1.3x1010 PFU/pot) and 
again treated after 1 month 
cultivation with 1.3x1010 PFU/pot. 
2 days later plants were cut at 
the root tips and dipped in a 
bacterial suspension (108 CFU/ml) 
Treatment with φRSL1 drastically 
limited penetration, growth and 
movement of root-inoculated 
bacterial cells. All 11 φRSL1-
treated plants showed no 
symptoms of wilting (Fujiwara et 
al, 2011). 
 φRSM3 
φRSS1 
Tomato Pathogenicity assay Bacterial cell suspension was 
injected in the tomato stem. 
φRSM3 infected cells lose their 
virulence, tomato plants injected 
did not show wilting symptoms 
(Addy et al, 2012b). 
Tomato plants inoculated with 
φRSS1 infected cells wilted 2-3 
days earlier than those inoculated 
with wild-type bacteria (Addy et 
al, 2012a).  
 J2 Tomato (cultivar 
Oogata-Fukuju) 
Greenhouse trial 4 week old tomato plants were 
inoculated with 5 ml bacterial cell 
suspension (5x108 CFU/ml), one 
day before a phage suspension 
(2x1010 PFU/ml) was added to the 
soil 
Pretreatment with phage 
prevented the plants from wilting 
(Bhunchoth et al, 2015) 
 PE204 Tomato (cultivar 
Seogun) 
Greenhouse trial Phage solution (108 PFU/ml) in 
SM buffer was applied to tomato 
plants in different combinations. 
Phage application together with 
bacterial cells (107 CFU/g soil) on 
tomato rhizosphere completely 
inhibited wilting (Bae et al, 2012) 
 J2 Tomato (cultivar 
Oogata-Fukuju) 
Greenhouse trial Soil of 4 week old tomato plants 
was inoculated with 5ml bacterial 
suspension (5x108CFU/ml) after 
root injury. Phages were applied 
1 day before (5ml, 2x1010 PFU/ml) 
Half of the J2-treated plants did 
not wilt whereas all plants 
without phage treatment showed 
wilting symptoms. Phages had no 
effect when applied after bacterial 
inoculation (Bhunchoth et al, 
2015) 
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Table 1.1 (continued): Overview of phage biocontrol trials in crop protection. Adapted and updated from Zaczek et al, (2015) 
Target organism Phage symbol Host plant Type of investigation Application method Result 
Streptomyces scabies φAS1 Potato (cultivar 
Kennebeck) 
Greenhouse trial Diseased (1010 CFU/ml tubers 
were immersed in phage 
suspension (109 PFU/ml) for 24h 
Phage-treated tubers had a 
significantly reduced number of 
lesions per tuber (from 44.2 to 
3.8) and lesion surface area (from 
23% to 1.2%) (McKenna et al, 
2001) 
Xanthomonas 
axonopodis pv. citri 
CP2, φXac2005-1, 
ccφ7, ccφ13 
Grapefruit 
(cultivar 
Duncan*) 
Greenhouse trial The emerging foliage was treated 
(108-109 PFU/ml) in the evening; 
prior to bacterial infection (106-
108 CFU/ml) 
Phages suspended in clear water 
caused an average 59% reduction 
in disease severity (Balogh et al, 
2008) 
 φXaacA1 Grapefruit 
(cultivar 
Duncan*) 
Nursery trial Plants were sprayed with phage 
suspension (106 PFU/ml) after 
bacterial infection 
Phage solution in skim milk 
powder significantly reduced 
lesion number per diseased leaf 
from 2.6 and 3.1 to 2.0 and 2.1 in 
both tests (Balogh et al, 2008) 
Xanthomonas 
axonopodis pv. citrumelo 
φXacm2004-4, 
φXacm2004-16, 
φX44 
Grapefruit 
(cultivar 
Duncan*), orange 
(cultivar 
Valencia†) 
Nursery trial Phages (108 PFU/ml) in a 
suspension of 0.75% skim milk 
powder were sprayed at dawn to 
control a naturally occurring 
bacterial pathogen population 
Three-phage cocktail significantly 
(48% and 35%) reduced the 
disease only in oranges (Balogh et 
al, 2008) 
 Ccφ13, α-MME, 
φ5536 
Citrumelo plant* Nursery trial Phages (108 PFU/ml) suspended 
in 0.75% skim milk solution were 
applied in the evenings after 
bacterial infection (107 CFU/ml) 
Phage solution significantly 
reduced mean disease incidence 
(from 22.2% to 8.9%) and area 
under the disease progress curve 
(from 24.3 to 14.9) (Balogh et al, 
2008) 
Xanthomonas 
axonopodis pv. allii 
AgriPhageTM (1) Onion (cultivar 
Vantage) 
Field trial Plants were sprayed with a 
bacteriophage mixture (108 
PFU/ml) amended with sucrose, 
Casecrete and corn flour. 
Treatments started two weeks 
before inoculation (108 CFU/ml)  
Biweekly or weekly phage 
applications reduced disease 
severity by 26% to 50% (Lang et al. 
2007) 
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Table 1.1 (continued): Overview of phage biocontrol trials in crop protection. Adapted and updated from Zaczek et al, (2015) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Highly susceptible to bacterial pathogen. 
† Moderately susceptible to bacterial pathogen. 
(1) AgriphageTM is a product name that covers several bacteriophage mixtures adapted to a specific pathogen. 
Target organism Phage symbol Host plant Type of investigation Application method Result 
Xanthomonas 
axonopodis pv. 
vignaeradiatae 
XMP-1 Mungbean 
(cultivar Pusa 
Baisakhi) 
Greenhouse trial Seeds were treated with phage 
(6x109 PFU/ml) and bacteria 
(1x107 CFU/ml) and dried 1 h 
before planting 
Seed treatment was found 
effective in stimulating 
germination and restricting 
seedling infection to 15.9% 
compared to 68% in the control 
group (Borah et al. 2000) 
Xanthomonas arboricola 
pv. pruni 
Xp3-A, Xp3-I Peach (cultivar 
Elberta) 
Greenhouse trial Peach seedlings were sprayed 
with phage lysates (109-1010 
PFU/ml) in different 
combinations 
Up to 65% disease reduction 
when the phages were applied 
before pathogen inoculation (108 
CFU/ml) 
 F8 Peach (cultivar 
Elegant Lady) 
Field trial One orchard suffered from a 
natural infection and two 
orchards were artificially 
infected. Treatment consisted of 
weekly, ten-day and fortnightly 
phage applications (108 PFU/ml). 
Weekly phage applications 
significantly reduced the number 
of diseased fruits with 55% as well 
as the percentage of infected 
surface of per fruit with 35.2% in 
the orchard with natural infection 
(Saccardi et al, 1993) 
Xanthomonas campestris 
pv. pelargonii 
H-mutant phage 
mixture 
Geranium 
(cultivar Pinto 
Red) 
Greenhouse trial A phage mixture (5x108 PFU/ml) 
was applied daily, weekly or 
biweekly to plants surrounding 
diseased inoculated plants. 
Daily foliar spray of phages 
reduced disease incidence and 
severity by 50% and 75%, 
respectively and was more 
effective than Phyton-27® or less 
frequent phage applications. 
Xanthomonas campestris 
pv. vesicatoria 
AgriPhageTM (1) Tomato (cultivar 
Bonny Best) 
Greenhouse trial The plants were treated with a 
phage mixture (1010 PFU/ml) 2 h 
prior to bacterial infection 
Phages significantly reduced the 
lesion numbers on plants by 30-
62% (Balogh et al, 2003) 
  Tomato (cultivars 
Mountain Fresh, 
BHN 444 and BHN 
555) 
Field trial Phage applications (1010 PFU/ml) 
were begun before bacterial 
inoculation (108 CFU/ml) and 
were continued until 2 weeks 
before harvest 
Evening applications resulted in 
better control than morning 
applications (27% and 13% 
disease reduction, respectively) 
(Balogh et al, 2003) 
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1.4.3. What are the microbiological hurdles for a successful introduction of 
phage therapy in agriculture? 
In theory, phages are the perfect cure for bacterial diseases because of their specificity, 
reducing the environmental impact, and low production cost. However, in practice, several 
limitations hinder the successful application of phages in agriculture. The biggest problem is 
their UV-sensitivity, resulting in a quick decay when applied on the plant phyllosphere (Jones 
et al, 2007). Furthermore, their specificity is also a disadvantage as the bacterial diversity 
often results in the need for multiple phage types to cover the diversity of the target species 
or pathovar. Finally, although not a specific phage related problem, there is the development 
of bacterial resistance (Loc-Carrillo & Abedon, 2011). 
To be effective, phage therapy requires a sufficient number of phage to be present in close 
proximity of the pathogen at critical times in the disease cycle. The biggest impediment 
therefore is their inability to persist on plant surfaces over time due to environmental factors 
such as UV-light (Iriarte et al, 2007). A way to minimize the negative impact of UV-light is to 
adjust the timing of phage application, applying them late in the day. Also the use of 
protective formulations can increase phage survival on plant surfaces. For example, Balogh et 
al, (2003) found increased phage persistence on tomato foliage when phage suspension was 
applied in combination with skim milk, alone or in combination with sucrose. However, the 
increased persistence of phages when using protective formulations not always results in 
better disease control. In a greenhouse trial on citrus canker disease development, phages 
applied with skim milk persisted longer but did not cause any disease reduction, in contrast 
to the treatments without skim milk (Balogh et al, 2008). Another method to increase phage 
persistence on the leaf surface is the use of non-pathogenic bacteria sensitive to the phages 
specific for the target bacterium. An example is the use of Pantoea agglomerans, a phage 
susceptible antagonist of E. amylovora, to reduce fire blight on apple and pear blossoms. 
Since this closely related saprophyte can be lysed by the same phage lysing the pathogen, 
epiphytic presence of P. agglomerans maintained a replicating phage population on blossom 
surfaces during the primary infection period when applied together with the phages (Lehman, 
2007; Nagy et al, 2011). However, due to the limited host range of most phages other 
strategies such as non-pathogenic mutants of the host bacteria can be used. For example, an 
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attenuated X. perforans strain applied prior to phage application significantly improved phage 
persistence on tomato foliage in greenhouse and field trials (Iriarte et al, 2012). Also an 
avirulent strain of R. solanacearum was combined with phages in a biocontrol experiment of 
Tanaka et al, (1990). Furthermore, soil-based phage delivery can be used to improve phage 
persistence in the roots (Iriarte et al, 2012).  
To overcome the limited applicability of phages with a narrow host range, cocktails of phages 
with a complementary host range can be used. Phage cocktails consisting of phages targeting 
different receptors also have the beneficial effect that resistance development is less likely to 
occur (Goodridge, 2010). In addition, host range mutant (h-mutant) phages can be developed 
to increase the host range and reduce resistance development (Jackson, 1989). This method 
has been used in the control of X. campestris pv. pelargonii on geranium and to control X. 
campestris pv. vesicatoria on tomato (Flaherty et al, 2000, 2001). Phage-based disease control 
management can also be considered as a dynamic process with a need for continuous 
adjustment of the phage preparation in order to effectively fight potentially adapting 
pathogenic bacteria(Jones et al, 2007). However, constant monitoring for the emergence of 
resistant bacterial strains remains advisable (Jones et al, 2007). 
1.4.4. Intellectual property rights concerning phage therapy in agriculture 
In order to stimulate the development of new products, patents protecting the intellectual 
property have been designed to help inventors to return their investment by guaranteeing 
them exclusive use during a certain period of time in exchange for detailed public disclosure 
of the invention. An invention should therefore be the solution to a technological problem 
and can be a product or a process. The procedure for granting patens, requirements and the 
extent of the exclusive rights vary between countries according to national laws and 
international agreements. A patent application must include one or more claims that define 
the invention and proves it to be novel, useful and non-obvious. The patent provides exclusive 
rights to a patentee, meaning the right to (try to) prevent others from commercially making, 
using, selling, importing or distributing a patented invention without permission (FOD 
economie). 
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1.4.4.1. What kind of protection is possible? 
In the case of phage therapy, bacteriophages are not expected to be patentable. Although 
they are new and useful, they are not an invention as they occur naturally in the environment. 
Since they do not fulfill the patentability requirements, a patent on individual phages will 
probably not be possible. However, a phage cocktail requires the well-considered selection of 
phages based on characteristics such as virulence, host range, safety… and can therefore be 
patented theoretically. Also a specific process for phage production or purification, a special 
formulation of the phage solution with certain additives or the method of phage application 
can be subject of a patent.  
1.4.4.2. Patent history 
Before patent filing, first a thorough examination of the prior art is essential as only new 
products or processes can be patented. Furthermore, when developing a new product, it is 
essential to examine the patent database to make sure that freedom to operate exist and 
previously approved patents are not violated.  
One of the first patents describing phage therapy as a crop protection agent is ‘Bacteriophage 
prevention and control of harmful plant bacteria’ (WO1990013631 A1, US4828999 A; Jackson, 
1989 ). It is an extensive patent claiming a method for disease prevention through the 
application of a phage mix containing a H-mutant phage to plants, seed or soil. It was the first 
time H-mutant phages were proposed for agricultural applications and their isolation method 
was described for the first time. Both patent applications date more than 20 years ago and 
are thus expired, forming no limit in the freedom to operate in using H-mutant phages. 
However, a new patent covering the same method is not possible.  
A recent and related patent protects the specific use of phages as a crop protection agent for 
control of Xylella fastidiosa and X. axonopodis pv. citri ‘Method for treatment and control of 
plant disease’ (US20140140961 A1; Gonzalez et al, 2013), registered on October 18, 2013. 
The claim describes a method to isolate phages, amplify them and treat plants. However, the 
patent has not yet been approved and covers specific bacteria which would not limit the 
freedom to operate in other pathogens. 
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A third key patent has been submitted by the company Phage Biopharm Llc. ‘Production of 
bacteriophage compositions for use in phage therapy’ (US 7588929 B2; Bujanover, 2003). It 
claims a method for the production of medium to large quantities of phage using a soft agar 
overlay technique. It was applied for on December 9, 2003 and approved in the US. Using the 
described method for phage amplification would require a license to produce or transport 
phages to the US.  
Some patents cover the formulation of phage products. For example, one patent approved 
on November 2, 2005 describes a composition of phages adsorbed to a powder matrix 
‘Stabilized bacteriophage formulations’ (US 8309077 B2; Murthy & Engelhardt, 2005). It 
describes a method to adsorb phages to milk powder or other matrices to increase their 
stability and prolong viability during storage. Using the described matrices for future 
formulations would require a license. The same applies to a patent that protects the method 
to coat phages with stearic acid and palmitic acid ‘Encapsulated bacteriophage formulation’ 
(US 20120258175 A1; Murthy & Engelhardt, 2004). This patent was registered on November 
2, 2004 and approved in multiple countries. 
The described patents give an idea of what is already known and protected on the processes 
necessary to develop a phage therapy product. However, this information is not conclusive. 
From this focused analysis it can be concluded that it is possible to patent new production or 
formulation methods. Also more specific patents covering the use of phages for a specific 
target bacterium could be possible as is demonstrated by patent US20140140961 A1. 
1.4.5. Conclusion 
From previous research we can conclude that there are strategies to increase the stability and 
broaden the applicability of phage preparations. However, each phage-bacterium-plant 
system is different and a phage therapy that is carefully adjusted to the specific needs of that 
system will be the most effective. Phages should not be considered as the perfect cure but as 
an extra tool that can be used in combination with other measures for integrated control of 
bacterial pathogens. 
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1.5. Research goals 
The overall objective of this research was to define the major bacterial pathogens of two 
important field grown vegetable crops: cruciferous vegetables belonging to the species 
Brassica oleraceae (e.g. cabbage, cauliflower and Brussels sprouts) and leek, and to develop 
a control strategy against them using bacteriophages. This research was part of the IWT 
project 100881 “Beheersing van bacteriële pathogenen bij de opkweek van kolen en prei”, a 
collaboration between KU Leuven, ILVO, PCG, PSKW and Inagro. For both crops the same 
research structure was followed and will be descriped in this manuscript as exemplified in 
Figure 1.7. 
 
 
In a first step, a collection of bacterial isolates is set up and characterized (Chapters 3 and 6) 
for Xanthomonas campestris and Pseudomonas syringae, respectively. This is achieved by 
identification based on sequence analysis of a housekeeping gene, implementation and 
analysis of pathogenicity testing and molecular assessment of the genomic diversity. 
A second phase (Chapters 4 and 7) focuses on the isolation and in depth characterization of 
novel phage isolates against the target bacteria. Using the established host libraries, a full 
Figure 1.7: Schematic representation of the dissertation outline. 
General introduction 
35 
 
microbiological characterization, including host range and stability, is set up. From a 
molecular perspective, genome sequencing and bioinformatics analysis allows an evaluation 
of the strictly lytic nature of the phages and indicates the general suitability towards the 
application of the phage for treatment purposes. This molecular microbiological 
characterization also leads to fundamental insights on phage diversity, evolution and genome 
organization. 
A final phase focuses on the development of a phage-based biocontrol strategy (Chapter 5 
and 8). Specific infection assays are set up for cauliflower and leek, to evaluate the in planta 
efficacy of phage-based remediation, followed by pot trials in the greenhouse testing 
different application strategies. In a next step, field trials, set up in collaboration with our 
research partners PCG, PSKW and Inagro, are attempted and are interpreted here. 
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Chapter 2. Materials and methods 
2.1. Bacterial manipulations 
2.1.1. Isolation from plant material 
After surface disinfection, small pieces at the margin of symptomatic leaf tissue were 
comminuted in 2 ml of sterile 10 mM phosphate buffer (PB) and decimal dilutions were 
spread onto DifcoTM Pseudomonas Agar F (PAF, Becton Dickinson) supplemented with 10 g/l 
sucrose or 10 g/l glycerol for isolations from cabbage or leek respectively. Plates were 
incubated at 28°C for 2-3 days and then checked for the presence of colonies. Colonies were 
transferred to new PAF plates three times to obtain a pure culture.  
In cabbage, cauliflower and Brussels sprouts, bacteria were isolated from plants with V-
shaped necrosis resulting in 36 isolates of X. campestris pv. campestris (GBBC numbers and 
the four representative isolates deposited as LMG 28773, LMG 28774, LMG 28775 and LMG 
28776). One isolate was obtained from a contaminated water sample (GBBC 1421) and 4 
isolates from broccoli and cauliflower seeds were provided by Syngenta (Xcc 316, Xcc 324, Xcc 
372 and Xcc 373). The isolated strains were supplemented with reference strains of X. 
campestris pv. campestris from the BCCM/LMG collection including the type strain and 
phylogenetically related strains. 
Thirty seven P. syringae pv. porri isolates were isolated from blighted leek leaves (GBBC 
numbers and the two representative isolates deposited as LMG 28495 and LMG 28496). The 
most recent isolates were obtained from asymptomatic leek transplants produced in 
nurseries in Belgium, the Netherlands and Morocco. Three cultures from a certified collection 
and one isolate from soil (van Overbeek et al, 2010) were added as benchmark strains. Other 
strains included in the study were phylogenetically related to P. syringae pv. porri or were 
associated with diseased leek. 
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Isolates were maintained in cryo preservation in Lysogeny Broth with reduced salt 
concentration (LBrs; 10 g/l Tryptone (LabM, Bury, UK), 5 g/l yeast extract (LabM), 0.5 g/l NaCl 
(Acros Organics, Geel, Belgium), demineralized water) supplemented with glycerol (20% end 
concentration). Fresh cultures from cryo stocks were used in the various tests. 
2.1.2. Identification and characterization 
2.1.2.1. Microbiological characterization 
Presumptive identification of the isolates from leek was performed with relevant tests from 
the LOPAT test scheme used for identification of fluorescent pseudomonads (Lelliot & Stead, 
1987). Levan production was evaluated on sucrose peptone agar (50 g/l sucrose, 5 g/l 
peptone, 0,5 g/l K2HPO4, 0,25 g/l MgSO4.7H20, 15 g/l agar) after incubation for 48h at 28°C. 
Cytochrome C oxidase activity was scored with oxidase test strips (Merck Millipore) according 
to the manufacturer’s instructions. The hypersensitivity response was tested by infiltration of 
bacterial suspensions in 10 mM PB (about 108 cells/ml) in tobacco (cv. Xanthi NN) leaves. 
Buffer infiltrations were used as negative controls and the P. syringae pv. porri pathovar 
reference strain CFBP 1908PT served as positive control. 
Further identification was done using antibodies raised against P. syringae pv. porri  (IgG 
antiserum I-9534-01, Prime Diagnostics, Plant Research International, Wageningen, the 
Netherlands). Slide agglutination tests were performed with 24 h cultures on PAF from which 
separate colonies were suspended in 500 µl of 10 mM PB to give a turbid suspension of at 
least 109 cells/ml. On a multispot slide, 50 µl of the bacterial suspensions were mixed with 10 
µl of the fivefold diluted antiserum. The slides were placed on damp paper tissue and 
agglutination was recorded within 2 minutes.  
2.1.2.2. PCR and sequencing 
Bacterial isolates and strains were cultured for 24h on PAF and DNA was extracted with the 
DNeasy Blood & Tissue kit (Qiagen) according to the instructions of the manufacturer. DNA 
concentration and purity was verified with the NanoDrop ND-1000 spectrophotometer 
(Thermo Fisher Scientific Inc.). 
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Identification of Xanthomonas isolates was performed by gyrB gene sequencing according to 
Parkinson et al, 2007. A fragment of the gyrB gene was PCR-amplified with the primers 
XgyrPCR2F (5’-AAGCAGGGCAAGAGCGAGCTGTA-3’) and X.gyrrsp1 (5’-
CAAGGTGCTGAAGATCTGGTC-3’). The PCR was performed in a 25 µl volume containing 1 µl 
DNA (25 ng/µl), 2.5 µl 10x PCR reaction buffer with 20 mM MgCl2 (Roche), 2.5 µl dNTPs (2 mM 
each), 0.75 µl forward primer (10 µM), 0.75 µl reverse primer (10 µM) and 0.125 µl FastStart 
polymerase (5U/µl; Roche). The PCR temperature profile was according to Parkinson et al. 
(2011). All amplification products were purified with the GeneJET PCR purification kit (Thermo 
Fisher Scientific Inc.) and sequenced with both forward and reverse primers using a 
commercial service (Macrogen Inc.). The gyrB amplicons were trimmed to 530 nucleotides 
according to (Parkinson et al, 2007) with Bionumerics 7.1 software (Applied Maths, Belgium). 
The 530 nt sequence was used to classify the bacterial isolates at the species level by a BlastN-
query against the nucleotide database of NCBI. A phylogenetic tree was produced with the 
sequences of the bacterial isolates and reference strains using the UPGMA algorithm and 
bootstrap analysis of the Bionumerics software (Applied Maths, Belgium). 
Identification of Pseudomonas isolates was performed by rpoD gene sequencing. A fragment 
of the rpoD gene was PCR-amplified with the primers PsrpoD FNP1 (5’-
TGAAGGCGARATCGAAATCGCCAA-3’) and PsrpoDnprpcr1 (5’-YGCMGWCAGCTTYTGCTGGCA-
3’) (Parkinson et al, 2011). The PCR was performed in a 25 µl volume containing 1 µl DNA (25 
ng/µl), 2.5 µl 10x PCR reaction buffer with 20 mM MgCl2 (Roche), 2.5 µl dNTPs (2 mM each), 
0.75 µl forward primer (10 µM), 1.5 µl reverse primer (10 µM) and 0.125 µl FastStart 
polymerase (5U/µl; Roche). The PCR temperature profile was according to Parkinson et al. 
(2011). For the amplification of the HrpL and HrpS gene, the protocol described by Sawada et 
al. (1999) was followed. All amplification products were purified with the GeneJET PCR 
purification kit (Thermo Fisher Scientific Inc.) and sequenced with both forward and reverse 
primers using a commercial service (Macrogen Inc.). The rpoD amplicons were trimmed to 
578 nucleotides according to Parkinson et al. (2011) with Bionumerics 7.1 software (Applied 
Maths, Belgium). The 578 nt sequence was used to classify the bacterial isolates at the species 
level by a BlastN-query against the nucleotide database of NCBI. A phylogenetic tree was 
produced with the sequences of the bacterial isolates and reference strains using the UPGMA 
algorithm and bootstrap analysis of the Bionumerics software (Applied Maths, Belgium). 
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2.1.2.3. Pathogenicity tests 
All Xanthomonas isolates, along with reference strains were subjected to a pathogencity assay 
on cauliflower plants cv. Clapton. Bacterial cultures were incubated on PAF plates for 24h at 
28°C after which cell suspensions were prepared in 10 mM PB and adjusted to a concentration 
of about 107 CFU/ml. For each isolate, 50 µl bacterial suspension was placed onto the axil of 
a cotyledon. A needle was used to stab through the droplet into the plant stem in order to 
stimulate vascular infection. Three plants per isolate were inoculated and 10 mM PB was used 
as a negative control. The inoculated plants were covered for 48h to maintain humid 
conditions and they were kept at ambient temperature. The leaves were checked daily for 
symptom development with records after 7 and 12 days. The experiment was repeated once 
independently.  
All fluorescent isolates from leek, along with reference strains from different P. syringae 
pathovars, were subjected to a pathogenicity assay on leek plants cultivar (cv.) Harston. Leek 
plants were cultured individually in pots in the greenhouse. Bacterial cultures were incubated 
on PAF plates for 24h at 28°C after which cell suspensions were prepared in 10 mM PB and 
adjusted to a concentration of about 107 CFU/ml. For each isolate, 0.1 ml bacterial suspension 
was injected with a syringe in two or three leaves of the same leek plant. Control leaves were 
inoculated with 10 mM PB. The inoculated plants were covered for 48h to maintain humid 
conditions and they were kept at ambient temperature. The leaves were checked daily for 
symptom development with records after 7 and 12 days. The experiment was repeated once 
independently. Isolates or strains producing an atypical inoculation response were retested 
as described above using a cell suspension of about 105 CFU/ml. 
2.1.3. BOX-PCR 
BOX-PCR fingerprints were produced with primer BOXA1R developed by Martin et al. (1992). 
The PCR-protocol was adapted from Louws et al. (1994). It was conducted in a 25 µl volume 
containing 4 µl DNA (25 ng/µl), 2.5 µl 10x PCR reaction buffer with 20 mM MgCl2 (Roche), 2.5 
µl dNTPs (2 mM), 2,5 µl BOXA1R primer (10µM) and 0.2 µl FastStart polymerase (5U/µl; 
Roche), and in a Biorad C1000TM Thermal Cycler using the following program: starting with 
95°C for 4 min; then 30 cycles of 95°C for 30 sec, 54°C for 1 min and 68°C for 8 min; and final 
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extension at 68°C for 8 min. The amplification products were separated by capillary gel 
electrophoresis on a QIAxcel Advanced Instrument (Qiagen) using a QIAxcel DNA High 
Resolution Gel Cartridge, 50 bp - 10 kb alignment markers and the OM1200 program of the 
QIAxcel Screengel 1.0.1.0. software. The profiles were imported using the Bionumerics 
Qiaxcel plug-in and analyzed with Bionumerics software.  
2.2. Phage manipulations 
2.2.1. Phage isolation, amplification and purification 
Phages were isolated from soil samples taken in 2011 and 2012, from the same fields from 
which bacterial isolates were obtained. To enrich for the desired phages, a bacterial host was 
grown in 25 ml LB with reduced salt concentration (LBrs) (0.5 g/l NaCl) at 26°C to exponential 
growth phase and 5 g of a soil sample was added. After overnight incubation, 250 µl 
chloroform was added and incubation was continued for 1 h to lyse all cells. The bacterial 
culture was then centrifuged for 30 min at 4500 rpm in a Sorvall Legend RT+ centrifuge with 
swing-out 4-place rotor, type 75006445 (Thermo Scientific, Waltham, MA, USA). The 
supernatant was filtered using a Millex® syringe filter with a pore size of 0.45 µm (Merck 
Millipore Ltd.) and 10 µl was spotted on a soft agar layer supplemented with the bacterial 
host. Lysis zones were picked up with sterile toothpicks and suspended in phage buffer (10 
mM Tris-HCl; pH 7.5; 10 mM MgSO4; 150 mM NaCl). These suspensions were plated by 
addition of 250 µl overnight host culture and 100 µl phage suspension to 4 ml LBrs overlay 
agar, according to the overlay agar technique (Adams, 1959). After overnight incubation at 
26°C, single plaques were picked up again. Three successive single plaque isolations were 
performed to achieve pure phage isolates. Based on their DNA restriction pattern phages 
were selected for further analysis.  
One bacteriophage (KIL3b) was obtained after a co-cultivation experiment. This experiment 
consisted of the infection of an exponentially growing liquid culture of P. syringae pv. porri 
strain CFBP 1687 with phage KIL3 at a multiplicity of infection (MOI) of 0.01. For four weeks, 
40 µl of the liquid culture was transferred to a tube with 4 ml fresh LBrs medium every two to 
three days  and incubated at room temperature. Supernatant of the two day old liquid culture 
was spot tested against the bacterial strain P55 to assess the lytic activity.  
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Phages were amplified by plating 105 pfu (plaque forming units) per plate together with their 
bacterial host in a soft agar overlay. After overnight incubation at 26°C, the soft agar was 
scraped off and suspended in phage buffer. Soft agar and cell debris was subsequently 
removed by centrifugation for 20 min at 4000 rpm in the Sorvall Legend RT+ centrifuge. The 
supernatant was filtered over a 0.22 µm membrane Millex® syringe filter (Merck Millipore 
Ltd.), after which polyethylene glycol (PEG) 8000 (Sigma-Aldrich) containing 1 M NaCl (Acros 
Organics) was added to the suspension to a final concentration of 8%. After minimum three 
hours incubation at 4°C, phages were precipitated by centrifugation at 4600 rpm for 30 min 
and the pellet was dissolved in 1 ml phage buffer.  
Phage purification was performed using CsCl-gradient ultracentrifugation. A phage 
suspension (15 ml) with a minimum concentration of 1010 pfu/ml was layered on a CsCl step 
gradient (1.33, 1.45, 1.50 and 1.70 g/cm3) and centrifuged at 140,000 x g for 3 h with a 
Beckman Coulter Optima L-90K ultracentrifuge (rotor type SW28) (Brea, CA, USA). All phages 
were collected at the interface between the gradients of 1.45 and 1.50 g/cm3 and dialyzed 
three times for 30 minutes against 300 volumes of phagebuffer. 
2.2.2. Electron microscopy 
To obtain transmission electron microscopy (TEM) images of the bacteriophages, dilutions of 
the samples were spotted on carbon coated grids (Quantifoil, Großlöbichau, Germany) after 
glow-discharge, and negatively stained with 2% uranyl acetate. A Philips CM12 microscope 
was used at 120 kV acceleration voltage. Images were produced using a Gatan Orius 1k 
camera.   
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2.2.3. Host range and general characterization 
Phage host range was tested by spotting a phage suspension on a soft agar layer supplied 
with a possible host. For all the phages, three different concentrations ranging from 102-106 
pfu/ml were tested to determine infectivity. The bacterial strains used in the host range assay 
are listed in Table 6.1 and Table 3.1. This collection consists of field isolates supplemented 
with reference strains. Related pathovars were tested to determine the specificity of the 
investigated phages. 
Adsorption experiments were performed according to Adriaenssens et al, (2012b). Briefly, 
bacteria and phage were mixed at an MOI of 0.0001. Next, samples were taken every minute 
and bacteria were immediately lysed by chloroform. The supernatant was titred to determine 
the number of non-adsorbed phages. 
Killing curve at different MOIs were generated by infecting a bacterial culture at an optical 
density at 600 nm (OD600) of 0.3. The OD600 of the infected cultures was monitored every 20 
min for 6 h and compared with that of an uninfected culture. OD results are the average of 
three independent biological repeats. 
Phage stability was tested by incubating a phage suspension of 106 pfu/ml in phage buffer at 
different temperatures or at different pH ranging from 1 to 13. Infectivity of the phages at 
different temperatures was tested by incubating soft agar plates with spots of different phage 
concentrations at room temperature, 26°C and 30°C. 
Resistance frequency was determined with an adaptation of a previously developed method 
(Beale, 1948). Using the agar overlay method, phage and bacteria were plated at MOI 1 and 
MOI 10, lysing the entire surface of the plate. After 72h of incubation, emerging colonies were 
counted and 20 colonies were cultured and tested for resistance against the other phages. 
Phage-resistant isolates of X. campestris pv. campestris and P. syringae pv. porri were plated 
on Pseudomonas agar F(PAF, Becton Dickinson) supplemented with sucrose or glycerol to 
check for respectively, yellow mucoid colony morphology or fluorescence under UV-light. 
Isolates of X. campestris pv. campestris were analyzed with a multiplex PCR consisting of three 
primer sets to confirm their identity. The UpBac primers binding on the 16S rDNA gene, 
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present in all bacteria, served as internal control producing a 1511 bp amplification product. 
Second, the DLH-primers developed by Berg et al, (2005) binding on the hrpF gene and 
producing a PCR product of 619 bp with all X. campestris pathovars. And the third set 
consisting of ZUP-primers developed by Rijlaarsdam et al, (2004) on an AFLP-fragment of X. 
campestris pv. campestris resulting in a PCR product of 446 bp with pvs. campestris and 
incanae. Isolates of P. syringae pv. porri were analyzed with another multiplex PCR containing 
specific primers to confirm their identity (Ineke Wijkamp, Rijkzwaan, personal 
communication). 
Tests for lysogeny in these resistant bacteria were performed as previously described (Petty 
et al, 2006). Supernatant from overnight cultures of resistant bacteria were collected and 
tested for the spontaneous release of phage particles by spotting 5 µl drops onto softagar 
containing the different bacterial hosts. The supernatant from CFBP1687, LMG 28496, LMG 
28773, LMG 28774, LMG 28775 and LMG 28776 was used as a negative controls and phage 
lysates were used as positive control for plaque formation. 
2.3. P. syringae pv. porri genome analysis 
2.3.1.1. DNA extraction and sequencing 
Strains LMG 28495 and LMG 28496 were used for whole genome analysis. DNA was prepared 
with the Qiagen Puregene kit and DNA quantity was verified with the Quantus fluorometer 
(Promega) using the Quantifluor DNA Quantitation kit (Promega). High molecular weight DNA 
integrity was verified on an 0.8% agarose gel. Custom DNA library preparation and sequencing 
using multiplex Illumina Nextera technology was performed at BGI Tech Solutions, Hong Kong, 
China. A paired-end DNA library with 2 x 91 bp reads was constructed to generate assemblies 
with +/- 100x coverage. Sequencing was performed on an Illumina Hiseq2000 instrument 
(Illumina Inc., San-Diego, USA). Initial quality assessment was based on data passing the 
Illumina Chastity filtering. Subsequently, samples were demultiplexed and reads containing 
adapters, contamination or low-quality bases were removed using an in-house filtering 
protocol from BGI. FastQ files were delivered by FTP. Quality trimming of the paired-end data 
set was performed in CLC Bio Genomics Workbench v7.0 (Aarhus, Denmark) using a quality 
score of 0,05 and a maximum of 2 ambiguous nucleotides per read. Then, de novo assembly 
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was performed with the trimmed paired-end dataset with a minimum contig length of 200 bp 
using the EDENA v. 3.131028 and SOAPdenovo2-r240 (k=63) software for the genomes of 
LMG 28495 and LMG 28496 respectively (Hernandez et al. 2008; Luo et al. 2012). These draft 
genome scaffolds were subsequently ordered against the genome of Pseudomonas syringae 
pv. tomato DC3000 (RefSeq NC_004578) with Mauve V2.3.1 and concatenated using an in-
house developed Perl script ‘concatenate_genome.pl’ with a six-frame stopcodon tag, 
‘CACACACTTAATTAATTAAGTGTGTG’ between the contigs. Annotation of the draft genome 
was obtained with the online annotation tool RAST v4.0 (Aziz et al, 2008). The draft genome 
sequences of both strains are deposited at GenBank under accession numbers 
JTHM00000000 (LMG 28495) and JUEU00000000 (LMG 28496) after automatic annotation 
with the NCBI PGAAP online annotation pipeline (Angiuoli et al, 2008). 
2.3.1.2. Phylogenetic analysis 
An in silico multi locus sequence analysis (MLSA) was performed using seven housekeeping 
genes (gyrB, gapA, fruK, pgi, rpoD, acnB, gltA) previously used by Sarkar & Guttman (2004), 
Hwang et al. (2005) and Baltrus et al. (2011). The gene fragments were extracted from the 
draft genomes of the two newly sequenced P. syringae pv. porri strains LMG 28495 and LMG 
28496, and of the ones available from Baltrus et al. in 2011. Concatenated sequences of the 
seven genes were then aligned with ClustalW2 and a phylogenetic tree was constructed using 
MEGA6 software (Goujon et al, 2010; Tamura et al, 2013). The tree was calculated using the 
Maximum Likelihood method for calculating distances and the Neighbor Joining algorithm for 
clustering with 1000 bootstrap replicates. Furthermore ANIb (Average Nucleotide Identity) 
values were calculated for the same genomes using the python script ‘calculate_ani.py’(Goris 
et al, 2007). 
2.4. Phage genome and proteome analysis 
2.4.1. DNA isolation and sequencing 
Contaminating bacterial DNA was removed from the phage lysates by DNase treatment. Upon 
inactivation of the DNase by the addition of EDTA, phage particles were disrupted by adding 
SDS and proteinase K. The released phage DNA was purified by standard phenol-chloroform 
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extraction and subsequent ethanol precipitation according to Sambrook & Russell (2001). 
DNA concentration and purity was verified with the NanoDrop ND-1000 spectrophotometer 
(Thermo Fisher Scientific Inc.). DNA integrity and genome size was evaluated on an 0.8% 
agarose gel. High throughput sequencing was done using the Illumina MiSeq platform. A 
2*250 bp paired-end library was prepared for each sample, tagged with an unique barcode 
sequence. The quality of each library preparation was controlled using the Agilent 
Bioanalyzer. All library preps were equally pooled and sequenced. After processing, the reads 
of every library prep was assembled in a single contig with a general coverage over 1000x 
using the CLC Bio Genomics Workbench de novo assembly algorithm version 7.5.1 (Aarhus, 
Denmark). 
2.4.2. In silico genome analysis 
The genomes were scanned for open reading frames (ORFs) with GeneMark.hmm and 
GeneMarkS software (Lukashin & Borodovsky, 1998; Besemer et al, 2001). Shine-Dalgarno 
sequences were verified manually upstream of each annotated ORF. Functional 
bioinformatics annotation was carried out by comparing translated ORFs in a BLASTP (Altschul 
et al, 2005) analysis against the nonredundant GenBank protein database and with the 
Protein Homology/analogY Recognition Engine v2.0 (PHYRE2) (Kelley & Sternberg, 2009). 
tRNAs were detected with the programs ARAGORN and tRNAscanSE (Laslett & Canback, 2004; 
Lowe & Eddy, 1997). Rho-independent terminators were predicted with ARNold, a search 
program that combines two complementary programs: RNAMotif and Erpin (Macke et al, 
2001; Gautheret & Lambert, 2001). Probable promoter sequences were identified by looking 
for conserved intergenic motifs in the 100 bp upstream of every ORF with MEME and PHIRE 
(Bailey et al, 2009; Lavigne et al, 2004) 
2.4.3. Protein clustering and phylogenetic analysis 
To define homologous proteins of the phages KIL1, KIL2, KIL3, KIL4, KIL5, and KIL3b, we 
preliminary examined the shared protein relationships between these six phages and a 
number of completely sequenced bacteriophages using HMMER (version3.0; 
http://hmmer.janelia.org), together with the ACLAME search (version0.4; 
http://aclame.ulb.ac.be) (as of June 2015). In this manner, we retrieved a total of 4,632 
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predicted protein sequences representing the genomes of the 26 relevant phages. We 
performed pairwise similarity comparisons for each predicted protein by using the ACLAME 
database with the database of “viruses” and an E-value <0.001 (Lima-Mendez et al, 2008). 
The remaining proteins which could not be assigned into any ACLAME protein family were 
defined as the unclassified protein families (UPFs) as previously described (Jang et al, 2013). 
We then identified the protein families that were common to all 32 representative phage 
genomes and inferred their phylogenetic relationships. After multiple sequence alignment of 
the conserved proteins using CLUSTALW2, non-informative positions were excluded with the 
BMGE software package (Criscuolo & Gribaldo, 2010). The two alignments were then 
concatenated into a FASTA file and a phylogenetic tree was built with MEGA5 (version 5.2.1; 
http://www.megasoftware.net/)(Tamura et al, 2011) using a Jones–Taylor–Thornton (JTT) 
model. To estimate the robustness of the trees, we used the maximum-likelihood algorithm 
provided with bootstrap support (n = 1,000 replicates). 
2.4.4. Proteome analysis 
Structural proteins of phages SoPhi2, KIL3 and KIL5 were identified by SDS-page gel 
electrophoresis, cutting out slices of the gel, subsequent trypsinization and ESI-MS/MS as 
described previously (Lavigne et al., 2009). The resulting MS-MS data were analyzed using 
Mascot, version 2.3.01, and Sequest, version 1.2.0.208, against a local database of all possible 
phage proteins. 
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2.5. Phage therapy assays 
2.5.1. Plant cultivars 
Cultivars were chosen by the experimental stations for vegetables to be disease susceptible 
and depended on availability.  
All plant assays with X. campestris pv. campestris were performed in cauliflower plants. 
Cultivars Clarina (Syngenta), Clapton (Syngenta) and Clarify (Syngenta) were chosen based on 
their resistance to clubroot (Plasmodiophora brassicae) as this pathogen caused major 
problems at Inagro in 2014 making disease assessment impossible. Furthermore, cultivars 
Balboa (Bejo), Clarina (Syngenta) and Giewont (Seminis) had demonstrated to be disease 
susceptible (Table 2.1). 
The leek assays with P. syringae pv. porri were performed using the disease susceptible 
cultivars Harston (Nunhems), Kenton (Nunhems), Krypton (Nunhems) and Striker (Bejo) 
(Table 2.2).  
Cultivar Seed company 
2012 PCG 2013 Inagro 2015 PCG 2015 Inagro 
LMG 568 LMG 28776 LMG 28775 LMG 28773 
Balboa Bejo --   - - 
Fortaleza Seminis -   +/- -- 
Freebel Seminis -   --   
Giewont Seminis - - +/- -- 
Dexter Rijk Zwaan -   -   
Bonique Enza +/- +/-     
Clarina Syngenta +/- +/- - +/- 
Gohan Syngenta     +/- - 
Moby Dick Clause     +/- +/- 
Naruto Clause +/- +/-     
Seoul Hazera +/-   +/- - 
Octopus Clause +/-   + +/- 
Anique Enza   +/-   + 
Caddilac Syngenta   +   +/- 
Raoul Hazera + -- +   
David Syngenta -   + +/- 
Table 2.1 Cauliflower cultivars and their susceptibility to the bacterial pathogen X. campestris pv. campestris. 
-- very susceptible (red), - susceptible (orange), +/- moderately susceptible (yellow), + little susceptible (light 
green), ++ not susceptible (dark green). The scores were assigned by the experimental stations for vegetables 
based on field trials using different bacterial strains.  
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Cultivar 
Seed 
company 
2012 2012 2012 2013 2013 2014 2015 2015 
PSKW PCG PCG PSKW  Inagro Inagro Inagro Inagro 
Late 
autumn 
Late 
autumn Winter 
Late 
autumn 
Late 
autumn 
Early 
autumn 
Early 
autumn 
Late autumn + 
winter 
Belton Nunhems   -   +/-   - +/- + 
Duraton Nunhems       -     +/-   
Harston Nunhems +   -- + -     - 
Jumper Bejo -     -         
Kenton Nunhems +/-     -         
Krypton Nunhems -     +/-   +/- -   
Lancaster Uniseeds         - --   +/- 
Levis Syngenta --     +/-   --     
Mercurian Syngenta       -   +/-     
Poulton Nunhems +/- -   -   -   + 
Striker Bejo -     -         
Celcius Seminis   +/-- + +/-         
Delmas Syngenta +/- +/-   +   -   + 
Hawking Seminis   +/-   +/- +       
Lucretius Seminis     - +       - 
Oberon Syngenta       +/- +     - 
Walton Nunhems - +/-   +       + 
Aylton Nunhems +/-   + + +     +/- 
Curling Bejo   +   +   +/-   + 
Pluston Nunhems + +/-   +/- + + + + 
Vitaton Nunhems +   +/- + +/-     - 
 
2.5.2. Phage assays on cauliflower transplants and leek leaves 
The ability of the X. campestris pv. campestris phages to prevent vascular infection was tested 
on cauliflower transplants with 3 to 4 mature leaves, cultivar Clarina. Transplants were 
planted in soil and prepared by growth under dry conditions to stimulate adsorption. Per 
phage, a droplet with a concentration of 107 CFU/ml of the host bacteria suspended in phage 
buffer was placed onto the leaf axil of a cotyledon. A needle was used to stab through the 
droplet into the plant stem in order to stimulate vascular infection. Immediately after, a 50 µl 
droplet with a concentration of 109 pfu/ml phage was placed onto the leaf axil of a mature 
leaf situated higher on the stem and again vascular entrance was stimulated by stabbing 
through the droplet with a sterile needle. Ten plants were inoculated per phage and the 
Table 2.2 Leek cultivars and their susceptibility to the bacterial pathogen P. syringae pv. porri strain CFBP 
1687. -- very susceptible (red), - susceptible (orange), +/- moderately susceptible (yellow), + little susceptible 
(light green), ++ not susceptible (dark green). The scores were assigned by the experimental stations for 
vegetables based on field trials. 
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experiment was independently repeated on cauliflower plants cultivar Giewont using the 
same setup. Inoculations with only bacteria, only phage or buffer served as positive and 
negative controls. Plants were kept in the greenhouse at 25°C. Symptom development was 
monitored and disease severity was recorded after 8 and 13 days by counting the number of 
affected leaves.  
In planta activity of the P. syringae pv. porri phages was tested by infiltration of phage and 
bacteria suspensions into leek leaves. Leek plants of cultivar ‘Krypton’ were grown in separate 
pots until they had three fully developed leaves. Next, 0.1 ml bacterial suspension with a 
concentration of 107 CFU/ml was injected with a syringe into the leave. Subsequently, 3 cm 
above the first injection spot, 0.1 ml of the phage suspension with a concentration of 109 
pfu/ml was injected. Per phage, eight leaves were inoculated distributed over three plants. 
Plants were covered for 48 h with a plastic bag to maintain humid conditions and were kept 
at a temperature of 25 °C. Lesion lengths were measured after 10 days. Injections with only 
bacteria, only phage or buffer served as positive and negative controls. 
This experiment was repeated but with a bacterial concentration of 106 CFU/ml and strains 
CFBP 1687 and LMG 28496 as host. This time the plant cultivar ‘Striker’ was used and 10 leaves 
were injected per phage. The rest of the parameters remained the same. 
2.5.3. Pot trials 
Three types of pot trials were performed in order to obtain information about the mode of 
action of the phages in disease control. In a first trial, phages were poured into pots followed 
by bacteria after two hours to check the ability of the phages to prevent root infection. In a 
second trial, phages and bacteria were sprayed onto the leaves to investigate phage ability to 
control leaf infection and in a third trial, phages were added to pots followed by spraying 
leaves with bacteria in order to look for systemic movement of phages in plants leading to the 
prevention of leaf infection. 
In cauliflower, the pot trials were performed with transplants of cultivar Giewont, containing 
three to four mature leaves, using phage SoPhi2 and strains LMG 28773 as bacterial host. Per 
trial, 20 transplants were planted in separate pots using substrate for professional use 
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(Peltracom). Experiment setup consisted of four objects (water control, only phage, only 
bacteria, phage + bacteria) with each 5 plants in the three trials. A volume of 50 ml was used 
in the first trial with a phage concentration of 2*107 pfu/ml and a bacteria concentration of 
5*106 CFU/ml. In the second trial, sprayed volumes were 10 ml with a phage concentration 
of 108 pfu/ml + 0.01% Tween®20 and a bacteria concentration of 5*107 CFU/ml + 0.01% 
Tween®20. In the third trial, 50 ml phage (2*107 pfu/ml) was poured into the pots and 10 ml 
bacteria (5*107 CFU/ml + 0.01% Tween®20) was sprayed on the leaves. In the first and third 
trial, plant roots were wounded after planting by stabbing three times with a knife into the 
plant pot from above to stimulate root entrance of bacteria and phage. The number of 
affected plants and the percentage affected leaf surface were recorded 14 and 19 days post 
inoculation. After treatment, all plants were covered with plastic foil for 48 hours to maintain 
humid conditions. Plants were kept at 25°C day and night with extra light 12 hours per day 
(Philips TL-D36W/840, product code 8711500285614, 56.1 µmol*s-1*m-2). 
The second cauliflower pot trial was repeated with 100 transplants of cultivar Giewont divided 
over four objects. 5 ml of phage SoPhi2 (108 pfu/ml + 0.01% Tween®20) was sprayed onto the 
leaves followed by 5 ml of LMG 28773 (6*107 CFU/ml + 0.01% Tween®20) after two hours. 
Symptoms were recorded 8, 12, 16, 20 and 23 days post inoculation. 
In leek, the pot trials were performed with plants of cultivar Striker using phage KIL3 and 
strain CFBP 1687 as bacterial host. The same experiment set up was used as in the cauliflower 
trial. In the first trial 250 ml phage solution in tap water with a concentration of 107 pfu/ml 
was added to the pots. After two hours, 200 ml bacterial solution in tap water with a 
concentration of 2*107 CFU/ml was added. Volumes were chosen as the maximum amount 
of water that the pots could retain. Controls were treated with a same volume of tap water. 
In the second trial, 10 ml phage solution (4*107 pfu/ml + 0.01% Tween®20) was sprayed onto 
the plant leaves while the soil was covered with plastic. After two hours, 10 ml 2*107 CFU/ml 
+ 0.01% Tween®20 bacteria solution was sprayed onto the leaves in the same way. In the third 
trial, 250 ml phage solution (107 pfu/ml) was poured into the pots followed by spraying the 
leaves with 10 ml 2*107 CFU/ml + 0.01% Tween®20. After treatment, all plants were covered 
with plastic foil for 48 hours to maintain humid conditions. Plants were kept at 25°C day and 
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night with extra light 12 hours per day (Philips TL-D36W/840, product code 8711500285614, 
56.1 µmol*s-1*m-2). Symptom development was monitored for two months. 
2.5.4. Field trials 
The field trials were performed by the experimental stations for vegetables PCG 
(Kruishoutem; N 50.94337°, E 3.52710°), PSKW (Sint-Katelijne Waver; N 51.078120°, E 
4.528180°) and Inagro (Beitem; N 50.901508°, E 3.124464°). PCG (province of East Flanders) 
and Inagro (province of West Flanders) are located on a sandy-loam soil type and have a 
maritime climate with mild winters and cool summers. PSKW is situated in the center of 
Flanders in the province of Antwerp and has slightly warmer summers and cooler winters and 
a sandy soil type (Figure 2.1). The amount of rainfall is slightly higher at PCG and Inagro 
compared to PSKW. 
 
 
In a first trial, cauliflower transplants were treated with phages before they were planted in 
an infested field. The field was infested by spraying a solution of X. campestris pv. campestris 
strain LMG 28773 (Inagro and PSKW) or strain LMG 28775 (PCG) with a concentration of 106 
CFU/ml on a field at a rate of 1 000 l/ha at 1.5 bar with 0.01% Tween® 20 added as a 
surfactant. Before planting, plants were sprayed with a solution containing a mix of the seven 
different phages, each present at a concentration of 108 pfu/ml. This resulted in a 
Figure 2.1: Location of the experimental stations for vegetables in Flanders. The map roughly presents soil 
types in Flanders. (1) Inagro, (2) PCG and (3) PSKW. 
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concentration of 8x107 phages per plant in total. This trial was performed simultaneously at 
the three different locations in Flanders: PCG, PSKW  and Inagro. 
The same experiments were performed with leek plants. First, the field was infested by 
spraying a solution of CFBP 1687 with a concentration of 106 CFU/ml on a field at a rate of 1 
000 l/ha at 1.5 bar with 0.01% Tween® 20 added as a surfactant. The next day, before planting 
plants were submerged in a solution containing a mix of the six different phages, each present 
at a concentration of 107 pfu/ml. This resulted in a concentration of 6*107 phages per plant 
in total. Four blocks of the phage-treated and non-treated objects were randomly distributed 
over the field, with each block containing 300 plants. At multiple time points after planting, 
the number of affected plants as well as the percentage of leaf surface affected was measured 
for 20 to 50 plants per block. This trial was performed simultaneously at the three different 
locations in Flanders mentioned above. 
In a second trial, cauliflower transplants were planted in a non-infested field. Two months 
after planting, bacterial infection was performed with strain LMG 28773 (Inagro and PSKW) 
or strain LMG 28775 (PCG). A suspension with a concentration of 106 CFU/ml was spread on 
the plants at a rate of 1 000 l/ha at 1,5 bar with 0.01% Tween® 20 added as a surfactant. The 
next day, a solution with the eight different phages was sprayed onto the plants, ensuring 
that each plant was covered with 108 pfu of each phage after spraying. Plants were covered 
for 48 h and the disease incidence as well as disease severity (% of leaf surface affected) was 
measured for 20 to 50 plants per block, at multiple time points. This trial was performed in 
parallel on the three different locations in Flanders mentioned above. 
This second trial was also performed on leek infected with strain CFBP 1687. A suspension 
with a concentration of 106 CFU/ml was spread on the plants at a rate of 1 000 l/ha at 1,5 bar 
with 0.01% Tween® 20 added as a surfactant. The next day, a solution with the six different 
phages each present in a concentration of 109 pfu/ml and 0.01% Tween 20 was sprayed onto 
the plants, ensuring that each plant was covered with 108 pfu of each phage after spraying. 
Plants were covered for 48 h and the disease incidence as well as disease severity (% of leaf 
surface affected) was measured for 20 to 50 plants per block, at multiple time points. This 
trial was also performed in parallel at the three different locations in Flanders mentioned 
above. 
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2.6. Statistical analysis 
Statistical analyses were performed with the statistics program IBM SPSS Statistics 20. For the 
phage assays on cauliflower transplants and leek leaves, normality of the data was assessed 
with the Kolmogorov-Smirnov and Shapiro-Wilk test at a significance level of 0.05. 
Homogeneity of variances was tested using the Levene’s test. When the data were distributed 
normally and homoscedasticity was proven, a one-way ANOVA test was performed to check 
for differences. If the test showed significant differences, the data was further analyzed with 
a post-hoc Tukey HSD test. To test for differences between groups of not normally-distributed 
data, a Kruskal-Wallis non-parametric test was used. When differences were present, Mann-
Whitney U non-parametric test was used to compare the groups paired two by two. For the 
field trials the statistical program ARM (version 2015.3) was used. This program, which is 
designed specifically for field trials, uses the Bartlett’s test to test the homogeneity of 
variances and the Kurtosis and Skewness tests to check normality. One-way ANOVA with the 
post-hoc Duncan test is used for normal distributed and homoscedastic data. ARM uses the 
non-parametric Friedman test, to check for differences between several variables.  
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Chapter 3. Isolation and characterization of bacterial 
pathogens in Brassica production in Flanders 
3.1. Identification of bacterial pathogens in Brassica oleracea 
3.1.1. Isolation of bacterial pathogens from Brassica oleracea 
Leaf samples were taken in Flanders, Belgium, from different Brassica varieties: cauliflower 
(Brassica oleracea var. botrytis), white cabbage (Brassica oleracea var. alba), red cabbage 
(Brassica oleracea var. rubra), savoy cabbage (Brassica oleracea var. sabauda L.), Brussels 
sprouts (Brassica oleracea var. gemmifera) and broccoli (Brassica oleracea var. italica). A total 
of 109 Brassica leaf samples displaying different symptoms were analyzed by plating on the 
non-specific medium PAF, supplemented with sucrose (10 g/l) to check for the typical yellow 
mucoid growth of xanthomonads. In 37 samples, no bacteria were found. Symptoms probably 
were caused by other pathogens or by physiological deformities. In the other 72 samples, 
bacteria with different colony morphologies were obtained: yellow mucoid colonies and 
white- and yellow fluorescent colonies. The yellow mucoid colonies were isolated from 36 
plant samples with symptoms of black rot and were presumed to belong to the Xanthomonas 
genus. Their identity was verified by sequencing specific regions of the gyrB gene with genus 
specific primers developed by Parkinson et al, (2007). The fluorescent colonies, isolated from 
other symptoms, were presumed to belong to the Pseudomonas genus and were further 
analyzed by sequencing of part of their rpoD gene (Parkinson et al, 2011). 
3.1.2. GyrB and rpoD analysis 
From the 36 presumed Xanthomonas isolates, part of the gyrB sequence was compared to 
GenBank reference sequences using BlastN, identifying them as Xanthomonas campestris. 
Those 36 X. campestris isolates were supplemented with four isolates from seeds, received 
from the seed company Syngenta (Xcc 316, Xcc 324, Xcc 372 and Xcc 373). In addition, one X. 
campestris isolate was found in a water sample from a river nearby a cabbage field (GBBC 
1421). Isolates with a fluorescent colony morphology on PAF-medium were identified by 
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partial sequencing of the rpoD gene. This led to the identification of ten Pseudomonas 
syringae pv. maculicola isolates from cauliflower plants with black spots surrounded by a 
yellow edge. Furthermore, four P. marginalis isolates were found, three isolates were 
obtained from black, water soaked spots on cauliflower leaves and Brussels sprouts and one 
isolate originated from a cauliflower suffering from soft rot. Two isolates of P. cichorii, mostly 
known as a lettuce pathogen, were obtained from irregular coalescing brown spots on 
Brussels sprouts, resulting in rot of the sprouts. In addition, P. viridiflava was isolated four 
times from cauliflower leaves with large brown lesions. All isolates were present as the 
dominant bacteria on PAF-medium. However, their presence could be the result of a 
secondary infection as the medium contained cycloheximide, limiting fungal growth. From 
sixteen samples with large yellow lesions, opportunistic soil bacteria such as P. fluorescens 
were isolated. As 50% of the bacterial isolates were identified as X. campestris, this pathogen 
formed the main cause of bacterial diseases in Brassica oleracea and further research focused 
on this pathogen. Pathogenicity tests were performed to classify the isolates into pathovars 
and the collection was supplemented with two X. arboricola isolates and one X. campestris 
pv. raphani isolate found on non-symptomatic cabbage transplants and a X. arboricola isolate 
from water. The isolated strains were supplemented with reference strains of X. campestris 
pv. campestris from the BCCM/LMG collection including the type strain and phylogenetic 
related strains (Table 3.1). 
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Table 3.1: X. campestris isolates and reference strains as classified in this study based on gyrB phylogeny 
and pathogenicity testing. 
Strain 
numbera 
Biological origin Geographical 
origin 
Year of 
isolation 
Xanthomonas campestris pv. campestris 
GBBC 820* B. oleracea var. botrytis (cauliflower) Belgium   1999 
GBBC 821 B. oleracea var. gemmifera (Brussels sprouts) Belgium   1999 
GBBC 932 B. oleracea var. gemmifera (Brussels sprouts) Belgium  2005 
GBBC 933 B. oleracea var. gemmifera (Brussels sprouts) Belgium  2005 
GBBC 1068 B. oleracea var. botrytis (cauliflower) Belgium 2010 
GBBC 1069 B. oleracea var. botrytis (cauliflower) Belgium 2010 
GBBC 1070 B. oleracea var. botrytis (cauliflower) Belgium 2010 
GBBC 1071 B. oleracea var. botrytis (cauliflower) Belgium 2010 
GBBC 1072 B. oleracea var. botrytis (cauliflower) Belgium 2010 
GBBC 1073 B. oleracea var. botrytis (cauliflower) Belgium 2010 
GBBC 1372* B. oleracea var. botrytis (cauliflower) Belgium 2011 
GBBC 1373* B. oleracea var. botrytis (cauliflower) Belgium 2011 
GBBC 1412 B. oleracea var. capitata (cabbage) Belgium 2011 
GBBC 1413 B. oleracea var. capitata (cabbage) Belgium 2011 
GBBC 1414 B. oleracea var. capitata (cabbage) Belgium 2011 
GBBC 1415 B. oleracea var. gemmifera (Brussels sprouts) Belgium 2011 
GBBC 1416 B. oleracea var. rubra (red cabbage) Belgium 2011 
GBBC 1417 B. oleracea var. gemmifera (Brussels sprouts) Belgium 2011 
GBBC 1419* B. oleracea var. sabauda (savoy cabbage) Belgium 2011 
GBBC 1420 B. oleracea var. sabauda (savoy cabbage) Belgium 2011 
GBBC 1421 water Belgium 2011 
GBBC 1429* B. oleracea var. botrytis (cauliflower) Belgium 2012 
GBBC 1430 B. oleracea var. alba (white cabbage) Belgium 2012 
GBBC 1431 B. oleracea var. rubra (red cabbage) Belgium 2012 
GBBC 1432 B. oleracea var. sabauda (savoy cabbage) Belgium 2012 
GBBC 1443 B. oleracea var. sabauda (savoy cabbage) Belgium 2012 
GBBC 1446 B. oleracea var. alba (white cabbage) Belgium 2012 
GBBC 1447 B. oleracea var. rubra (red cabbage) Belgium 2012 
GBBC 1448 B. oleracea var. rubra (red cabbage) Belgium 2012 
GBBC 1449 B. oleracea var. rubra (red cabbage) Belgium 2012 
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Table 3.1 (continued): X. campestris isolates and reference strains as classified in this study based on gyrB 
phylogeny and pathogenicity testing. 
Strain 
numbera 
Biological origin Geographical 
origin 
Year of 
isolation 
X. campestris pv. campestris (continued) 
GBBC 1453 B. oleracea var. gemmifera (Brussels sprouts) Belgium 2012 
GBBC 1454 B. oleracea var. rubra (red cabbage) Belgium 2012 
GBBC 1455 B. oleracea var. rubra (red cabbage) Belgium 2012 
GBBC 1456 B. oleracea var. rubra (red cabbage) Belgium 2012 
GBBC 1457 B. oleracea var. rubra (red cabbage) Belgium 2012 
GBBC 1458 B. oleracea var. alba (white cabbage) Belgium 2012 
GBBC 1484* B. oleracea var. gemmifera (Brussels sprouts) France 2012 
Xcc 316b seed (Broccoli) South africa 2012 
Xcc 324b seed (Broccoli) South africa 2012 
Xcc 372b seed (Cauliflower) South africa 2012 
Xcc 373b seed (Cauliflower) South africa 2012 
LMG 535* Iberis (Candytuft) Tanzania 1954 
LMG 565* B. oleracea var. capitata (cabbage) Mauritius 1947 
LMG 566* Brassica napus United Kingdom 1941 
LMG 568T* B. oleracea var. gemmifera (Brussels sprouts) United Kingdom 1957 
LMG 570* B. oleracea var. botrytis (cauliflower) United Kingdom 1958 
LMG 575* Cheiranthus cheiri United Kingdom 1970 
LMG 8052* B. oleracea var. gemmifera (Brussels sprouts) The Netherlands 1986 
Xanthomonas campestris pv. armoraciae 
CFBP 5824 Armoracia lapathifolia United States 1939 
the Xanthomonas campestris pv. raphanin 
LMG 860PT Raphanus sativus (radish) United States 1940 
GBBC 1468 B. oleracea var. botrytis (cauliflower) Belgium 2013 
Xanthomonas campestris pv. barbarea 
LMG 547PT Barbarea vulgaris (Upland cress) United States 1939 
Xanthomonas campestris pv. incanae 
LMG 7490PT Mathiola incana (stock) United States 1940 
Xanthomonas arboricola 
GBBC 1467 water Belgium 2013 
GBBC 1469 B. oleracea var. botrytis (cauliflower) Belgium 2013 
GBBC 1470 B. oleracea var. botrytis (cauliflower) Belgium 2013 
a GBBC: culture collection of plant pathogenic bacteria at ILVO; CFBP: Collection Française de Bactéries Phytopathogènes, 
INRA Angers; LMG: Belgian Coordinated Collections of Microorganisms at the Laboratory of Microbiology of Ghent University 
with T as type strains and PT as pathovar reference strains.  
b received from Syngenta.  
* bacterial strains used for phage enrichement in soil samples in order to isolate new phages. 
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GyrB sequence analysis was completed for all X. campestris and X. arboricola isolates 
obtained in this study and for the reference strains of the related pathovars armoraciae, 
incanae, barbarea and raphani. A phylogenetic tree was constructed with UPGMA analysis in 
Bionumerics (Figure 3.1). For clarity, pathovar names resulting from pathogenicity tests 
described in chapter 2.1.2.3 are included. All X. arboricola isolates clustered into one group 
and displayed 98.5% sequence identity with the X. campestris isolates. This is below the 99% 
sequence identity border proposed for isolates belonging to the same species but more than 
the 96% which is considered for species differentiation, meaning that more research is 
needed to verify the taxonomic classification of this isolates (Young et al, 2008). All X. 
campestris isolates clustered into one group supporting observations made by Parkinson et 
al. (2007), showing that gyrB-barcoding can be used to identify Xanthomonas isolates at the 
species level. The minor sequence differences that could be observed among the X. 
campestris isolates reveal four sequence types, with most isolates belonging to haplotype I 
(n=42), including the pathotype strain LMG 568. Three isolates have haplotype II : GBBC 820, 
GBBC 821 (both isolated in 1999) and GBBC 1429; while two isolates have a unique haplotype 
(LMG 566 and LMG 575). Although some link could be observed between haplotype and year 
of isolation, the relation remains unclear. The unique haplotypes both had a foreign origin 
(United Kingdom). The X. campestris pv. campestris isolate LMG 575 did not group with other 
pathovar campestris isolates, but with the related pathovars. This isolate was not obtained 
from Brassica oleracea but had Cheiranthus cheiri as a plant host and was found non-
pathogenic in our pathogenicity tests. The X. arboricola isolates formed a distinct group.  
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Figure 3.1 Phylogenetic tree produced by UPGMA-analysis with Bionumerics software showing the 
relationship between the Xanthomonas-type isolates from Brassica oleracea symptomatic leaf tissue and 
reference strains of X. campestris pv. campestris and other related pathovars based on a partial gyrB, with X. 
arboricola as outgroup. Similarity distances are given as percentage values and a cophenetic correlation 
coefficient was calculated with 1,000 bootstrap replicates, values are shown above branches. 
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3.1.3. Pathogenicity tests on cauliflower plants 
Pathogenicity was analyzed by inoculating cauliflower plants. New isolates identified as X. 
campestris and belonging to the haplotype I group based on the gyrB phylogeny and the X. 
campestris pv. campestris reference strains belonging to that same haplotype I produced 
typical V-shaped necrosis. Also the three strains from haplotype II and strain LMG 566 induced 
those symptoms. LMG 575, isolated from a non-Brassica host, clustered differently together 
with the pathovars barbarea, armoraciae and incanae and produced no symptoms on the 
cauliflower plants. The pathotype strain of X. campestris pv. armoraciae, LMG 535, also 
induced V-shaped necrosis and indeed, previous research indicated that the strain should be 
reclassified as X. campestris pv. campestris (Vicente et al, 2001; Fargier & Manceau, 2007). 
CFBP 5834, another X. campestris pv. armoraciae named isolate was not able to cause 
vascular infection, confirming the results of Fargier & Manceau (2007) and Fargier et al, 
(2011). The pathotype strain of X. campestris pv. raphani, LMG 860, did not induce symptoms 
which supports its identification as a non-vascular pathogen. Strain GBBC 1468, isolated in a 
plant nursery and clustering together with a X. campestris pv. raphani strain based on gyrB 
sequence, induced leaf necrosis, and not the typical vascular infection. Pathovars barbarea 
(LMG 547) and incanae (LMG 7490) did not cause any symptoms in the cauliflower plants as 
did the three X. arboricola strains (GBBC 1467, GBBC1469 and GBBC 1470). These results 
confirm the results of Fargier & Manceau (2007) who characterized pv. barbarea as non-
pathogenic and pv. incanae as pathogenic on Matthiola sp. and Cheiranthus cheiri only. 
In conclusion, the gyrB-based phylogenetic clustering was well supported by the 
pathogenicity of the strains. The isolates belonging to both haplotype groups as well as LMG 
566 were identified as X. campestris pv. campestris as they induced all V-shaped necrosis. As 
LMG 575 is not pathogenic to the tested cauliflower variety, more extensive pathogenicity 
tests using other hosts are needed for a correct classification of this strains. Strain GBBC 1468 
was identified as related to X. campestris pv. raphani. 
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3.2. Analysis of genomic diversity with BOX-PCR 
BOX-PCR fingerprinting is a tool that can be used to identify Xanthomonas isolates at the 
genospecies level (Louws et al, 1994; Rademaker et al, 2000, 2005) or to study their genomic 
diversity as has previously been done in India, South Africa and New York State (Singh et al, 
2011; Chidamba & Bezuidenhout, 2012; Lange et al, 2016). The X. campestris isolates of this 
study and related reference strains had different BOX-PCR profiles which might suggest 
genomic diversity among them (Figure 3.2). However, due to failure of the capillary 
electrophoresis system to discriminate the external 10 kb reference marker as a sharp peak, 
banding patterns could not be securely aligned. Because of the large variance in banding 
patterns, also the use of intern bands common to all strains could not resolve the problem. 
This complicated interpretation, as no link between fingerprint pattern and biological or 
geographical origin or year of isolation could be observed. Furthermore the BOX-PCR of three 
isolates should be verified as the pattern of GBBC 1421 was too weak and the possibility of 
DNA contamination should be ruled out before making conclusions on the different banding 
pattern of isolates GBBC 1372 and GBBC 1068.  
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3.3. Discussion 
The analysis of diseased Brassica leaf samples led to the identification of the two main 
bacterial pathogens Xanthomonas campestris and Pseudomonas syringae pv. maculicola, and 
different opportunistic saprophytes. X. campestris was further investigated as this pathogen 
is most frequently encountered and the yield loss caused is more severe. Based on the 
combined results of the gyrB sequence analysis and pathogenicity tests, two pathovars were 
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Figuur 3.2 BOX-PCR fingerprints displaying genomic diversity of X. campestris.  
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found in Flanders: pv. campestris and pv. raphani. Remarkably, the pathovar raphani was only 
found on non-symptomatic transplants suggesting these bacteria are widespread but do not 
frequently lead to disease. This was also observed by Lange et al, in a study performed in New 
York in 2016. X. campestris pv. campestris was not found on transplants, therefore we assume 
that infected transplants are not the source for infection on the field. Based on the gyrB 
barcode, two clusters have been differentiated within the new X. campestris pv. campestris 
isolates, one harboring the main group of isolates and reference strains, the other harboring 
three strains, but both groups having similar pathogenicity. This genetic diversity is less than 
the amount of haplotypes found by Fargier et al, (2011) (6) and Lange et al, (2016) (7) in the 
gyrB sequences of their isolates. However, the discriminatory power of a single locus is 
limited, more information on diversity is obtained with analyses at the genome level. A 
considerable amount of genomic heterogeneity could be suspected on the basis of the 
preliminary BOX-PCR profiles of the strains that we identified as X. campestris pv. campestris. 
Information about this local diversity is a usefull tool for to the development of a suitable 
phage therapy product. Three non-pathogenic X. arboricola isolates were found, two on 
transplants and one in a water sample. Their relationship with the plant remains unclear, 
although recent studies indicate X. arboricola as a species with a lot of strains lacking 
pathogenicity, probably saprophytes (Vandroemme et al, 2013). 
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Chapter 4. Isolation and characterization of novel 
phages against Xanthomonas campestris pv. campestris 
4.1. Phage isolation and TEM 
Phages were isolated from soil samples taken in the autumn of 2012 and 2013 from the same 
fields from which bacterial isolates were obtained (Table 4.1). After enrichment of the phages 
present in the soil, their capacity to lyse X. campestris pv. campestris was tested with multiple 
strains. Based on their DNA restriction pattern and a preliminary host screen (data not shown) 
phages were selected for further analysis. Using this method, seven novel phages were 
discovered for X. campestris pv. campestris and the phages were named SoPhi1, SoPhi2, 
SoPhi3, SoPhi4, SoPhi5, SoPhi6 and SoPhi7 (referring to the two first letters of the first name 
of the principal investigator and a reference to the Greek letter φ, used to indicate phages) 
with scientific names vB_XcaM_SoPhi1, vB_XcaM_SoPhi2, vB_XcaN_SoPhi3, vB_XcaS_SoPhi4 
etc. as proposed by Kropinski et al., (2009). The host strains used for amplification and 
characterization of each of these phages are indicated in Table 4.1.  
Table 4.1: List of the new X. campestris pv. campestris bacteriophages and their genome characteristics 
determined by bioinformatic analysis. 
Phage 
name 
acquisition 
number of 
bacterial 
host 
Previous 
strain 
number 
genome 
length 
(bp) 
GC 
content 
(%) 
# ORF’s # tRNA’s 
Factor 
independent 
terminators 
bacterial 
promoters 
phage 
promoters 
SoPhi1 
LMG 
28773 
GBBC 
1419  44 803 59.4 65 2 6 / 3 
SoPhi2 
LMG 
28773 
GBBC 
1419 44 086 59.5 65 2 6 / 3 
SoPhi3 
LMG 
28775 
GBBC 
1484        
SoPhi4 
LMG 
28775 
GBBC 
1484 60 418 61.8 80 / 5 4 / 
SoPhi5 
LMG 
28774 
GBBC 
1429        
SoPhi6 
LMG 
28776 
GBBC 
1373        
SoPhi7 
LMG 
28775 
GBBC 
1484 314 602 57.8 368 15 44 / 15 
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Transmission electron microscopy images of phages SoPhi1 and SoPhi2 revealed that they 
belong to the Myoviridae family with morphological similarity to the Pseudomonas phage PB1 
(genus Pbunalikevirus), as shown in Figure 4.1. TEM pictures of the other phages still have to 
be made. 
 
Figure 4.1: TEM pictures of phages SoPhi1 (left) and SoPhi2 (right). Phages negatively stained with 2% uranyl 
acetate. (Pictures courtesy of J. Klumpp) 
 
4.2. General characteristics of the SoPhi phages 
4.2.1. Host range analysis 
To investigate the specificity of the phages, a host range analysis was performed (Table 4.2). 
The results indicate a large diversity in host range among the tested phages. Some phages 
were able to lyse over half of the tested isolates, while phage SoPhi3 only lysed strain LMG 
28775. None of the phages was able to lyse all tested X. campestris pv. campestris isolates 
and some isolates were not lysed by any of the tested phages (GBBC 1432, Xcc373, LMG 568, 
LMG 565, LMG 570, LMG 575). Except for GBBC 1432 the isolates that are not being lysed by 
any of the tested phages are from foreign countries indicating an adaptation of phages to 
their local host. Except for two X. arboricola strains (GBBC 1469 and GBBC 1470) isolated from 
cauliflower transplants, none of the related X. campestris pathovars could be infected by our 
phages demonstrating their specificity. X. campestris pv. raphani isolate GBBC 1468 showed 
‘lysis from without’ as the bacterial lawn was lysed at phage concentrations of 106 pfu/ml but 
single plaques did not develop at lower phage concentrations indicating that lysis was not the 
result of phage infection. 
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The phage profiles can provide some information about the epidemiology of their host. For 
example, in 2011, isolates GBBC 1412, GBBC 1413 and GBBC 1414 displaying the same phage 
profile were obtained from the same field from different cultivars, but also an isolate with a 
different profile (GBBC 1372) was present in that field meaning that at least two different 
strains were present. In 2012, the same observation was made. Isolates GBBC 1430 and GBBC 
1432, each with a different phage profile, were obtained from the same field on the same day 
but from a different plant host, respectively white cabbage and savoy cabbage. These results 
demonstrate that it is possible to encounter more than one X. campestris pv. campestris strain 
with different phage susceptibility on one field. The opposite is also possible, isolates GBBC 
1372 and GBBC 1373 with the same phage susceptibility came from the same cultivar (Balboa) 
on different fields. Some strains isolated over mutliple years had the same profile, for example 
GBBC 932 -GBBC 933 (2005), GBBC 1068 - GBBC 1071 (2010), GBBC 1415 - GBBC 1421 (2011) 
and GBBC 1443, GBBC 1453 - GBBC 1454 (2012). As strains GBBC 1415, GBBC 1417, GBBC 
1453 and GBBC 1454, having the same phage profile, were isolated at the same location 
during successive years, survival of the strain on that location is indicated. More research such 
as a genome analysis can further clarify if it is the same bacteria surviving multiple years or if 
it are different bacterial strains with the same phage profile. Isolates GBBC 1412 – GBBC 1414 
(2011) and GBBC 1430 – GBBC 1431, GBBC 1455 – GBBC 1458 (2012), isolated in successive 
years, also had the same profile but occurred at different locations.  
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Acquisition 
numbera Plant origin GOb Yearc Identificationd 
SoP
hi1 
SoP
hi2 
SoP
hi3 
SoP
hi4 
SoP
hi5 
SoP
hi6 
SoP
hi7 
GBBC 820 
B. oleracea var. 
botrytis 
BE 1999 
X. campestris pv. 
campestris 
+ + - - + - + 
GBBC 821 
B. oleracea var. 
gemmifera 
BE 1999 
X. campestris pv. 
campestris 
+ + - - + - + 
GBBC 932 
B. oleracea var. 
gemmifera 
BE 2005 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 933 
B. oleracea var. 
gemmifera 
BE 2005 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1068 
B. oleracea var. 
botrytis 
BE 2010 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1069 
B. oleracea var. 
botrytis 
BE 2010 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1070 
B. oleracea var. 
botrytis 
BE 2010 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1071 
B. oleracea var. 
botrytis  
BE 2010 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1072 
B. oleracea var. 
botrytis 
BE 2010 
X. campestris pv. 
campestris 
- - - - + - - 
GBBC 1073 
B. oleracea var. 
botrytis 
BE 2010 
X. campestris pv. 
campestris 
- - - - + - - 
GBBC 1372 
B. oleracea var. 
botrytis 
BE 2011 
X. campestris pv. 
campestris 
- - - - - + + 
GBBC 1373 
(LMG 28776) 
B. oleracea var. 
botrytis 
BE 2011 
X. campestris pv. 
campestris 
- - - - - + + 
GBBC 1412 
B. oleracea var. 
capitata 
BE 2011 
X. campestris pv. 
campestris 
- - - + + - + 
GBBC 1413 
B. oleracea var. 
capitata 
BE 2011 
X. campestris pv. 
campestris 
- - - + + - + 
GBBC 1414 
B. oleracea var. 
capitata 
BE 2011 
X. campestris pv. 
campestris 
- - - + + - + 
GBBC 1415 
B. oleracea var. 
gemmifera 
BE 2011 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1416 
B. oleracea var. 
rubra  
BE 2011 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1417 
B. oleracea var. 
gemmifera 
BE 2011 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1419 
(LMG 28773) 
B. oleracea var. 
sabauda 
BE 2011 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1420 
B. oleracea var. 
sabauda 
BE 2011 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1421 water BE 2011 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1429 
(LMG 28774) 
B. oleracea var. 
botrytis 
BE 2012 
X. campestris pv. 
campestris 
- - - - + - + 
GBBC 1430 
B. oleracea var. 
alba 
BE 2012 
X. campestris pv. 
campestris 
- - - + + - + 
GBBC 1431 
B. oleracea var. 
rubra 
BE 2012 
X. campestris pv. 
campestris 
- - - + + - + 
GBBC 1432 
B. oleracea var. 
sabauda 
BE 2012 
X. campestris pv. 
campestris 
- - - - - - - 
  
Table 4.2: Host range analysis of phages SoPhi1-7. Green: lysis afther 24h, orange: lysis after 48h and yellow: 
lysis from without.   
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Table 4.2 (continued): Host range analysis of phages SoPhi1-7. Green: lysis afther 24h, orange: lysis after 48h 
and yellow: lysis from without.   
Acquisition 
numbera Plant origin GOb Yearc Identificationd 
SoP
hi1 
SoP
hi2 
SoP
hi3 
SoP
hi4 
SoP
hi5 
SoP
hi6 
SoP
hi7 
GBBC 1443 
B. oleracea var. 
sabauda 
BE 2012 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1446 
B. oleracea var. 
alba 
BE 2012 
X. campestris pv. 
campestris 
+ + - - - - - 
GBBC 1447 
B. oleracea var. 
rubra 
BE 2012 
X. campestris pv. 
campestris - - + + - + + 
GBBC 1448 
B. oleracea var. 
rubra 
BE 2012 
X. campestris pv. 
campestris 
- - - + + - + 
GBBC 1449 
B. oleracea var. 
rubra 
BE 2012 
X. campestris pv. 
campestris 
- - - + + - + 
GBBC 1453 
B. oleracea var. 
gemmifera 
BE 2012 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1454 
B. oleracea var. 
rubra 
BE 2012 
X. campestris pv. 
campestris 
+ + - - + - - 
GBBC 1455 
B. oleracea var. 
rubra 
BE 2012 
X. campestris pv. 
campestris 
- - - + + - + 
GBBC 1456 
B. oleracea var. 
rubra 
BE 2012 
X. campestris pv. 
campestris 
- - - + + - + 
GBBC 1457 
B. oleracea var. 
rubra 
BE 2012 
X. campestris pv. 
campestris 
- - - + + - + 
GBBC 1458 
B. oleracea var. 
alba 
BE 2012 
X. campestris pv. 
campestris 
- - - + + - + 
GBBC 1484 
(LMG 28775) 
B. oleracea var. 
gemmifera 
FR 2012 
X. campestris pv. 
campestris 
- - + + - - + 
Xcc 316 seed (Broccoli) ZA 2012 
X. campestris pv. 
campestris 
- - - - + - + 
Xcc 324 seed (Broccoli) ZA 2012 
X. campestris pv. 
campestris 
- - - - + - + 
Xcc 372 seed (Cauliflower) ZA 2012 
X. campestris pv. 
campestris 
+ + - + - - + 
Xcc 373 seed (Cauliflower) ZA 2012 
X. campestris pv. 
campestris 
- - - - - - + 
LMG 565 
B. oleracea var. 
capitata 
MU 1947 
X. campestris pv. 
campestris 
- - - - - - - 
LMG 566 Brassica napus GB 1941 
X. campestris pv. 
campestris 
- - - + - + - 
LMG 568T 
B. oleracea var. 
gemmifera 
GB 1957 
X. campestris pv. 
campestris 
- - - - - - - 
LMG 570 
B. oleracea var. 
botrytis 
GB 1958 
X. campestris pv. 
campestris 
- - - - - - - 
LMG 575 Cheiranthus cheiri GB 1970 
X. campestris pv. 
? 
- - - - - - - 
LMG 8052 
B. oleracea var. 
gemmifera 
NL 1986 
X. campestris pv. 
campestris 
- - - + + - - 
LMG 535PT Iberis TZ 1954 
X. campestris pv. 
campestris 
- - - - - - - 
CFBP 5824 
Armoracia 
lapathifolia 
US 1939 
X. campestris pv. 
armoraciae 
- - - - - - - 
LMG 860PT Raphanus sativus US 1940 
X. campestris pv. 
raphani 
- - - - - - - 
GBBC 1468 
B. oleracea var. 
botrytis 
BE 2013 
X. campestris pv. 
raphani 
- - - + - - - 
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Table 4.2 (continued): Host range analysis of phages SoPhi1-7. Green: lysis afther 24h, orange: lysis after 48h 
and yellow: lysis from without.   
Acquisition 
numbera Plant origin GOb Yearc Identificationd 
SoP
hi1 
SoP
hi2 
SoP
hi3 
SoP
hi4 
SoP
hi5 
SoP
hi6 
SoP
hi7 
LMG 547PT Barbarea vulgaris US 1939 
X. campestris pv. 
barbarea 
- - - - - - - 
LMG 7490PT Mathiola incana US 1940 
X. campestris pv. 
incanae 
- - - - - - - 
GBBC 1467 water BE 2013 X. arboricola - - - - - - - 
GBBC 1469 
B. oleracea var. 
botrytis 
BE 2013 X. arboricola - - - + - - - 
GBBC 1470 
B. oleracea var. 
botrytis 
BE 2013 X. arboricola - - - - - - + 
a GBBC: culture collection of plant pathogenic bacteria at ILVO; CFBP: Collection Française de Bactéries Phytopathogènes, 
INRA Angers; LMG: Belgian Coordinated Collections of Microorganisms at the Laboratory of Microbiology of Ghent University 
with T as type strains and PT as pathovar reference strains. b Geographical origin (BE= Belgium, FR= France, ZA= South Africa, 
MU= Mauritius, GB= United Kingdom, NL= The Netherlands, TZ= Tanzania and US= United States of America). c Year of 
isolation. d identification based on this study (gyrB + pathogenicity) or on the information of the provider. pv. ? 
refers to uncertain pathovar designation as based on this study. LMG 535PT is the pathovar reference strain for X. campestris 
pv. armoraciae, but suggested here for re-identification as X. campestris pv. campestris  
 
4.2.2. Adsorption and growth characteristics of phages SoPhi2 and SoPhi4 
To provide information about their suitability for a phage therapy, SoPhi2 and SoPhi4 were 
selected for an extensive in vitro characterization. The phages were chosen based on their 
different host range (Table 4.2) and taxonomic features, with SoPhi2 belonging to the 
Myoviridae family and SoPhi4 belonging to the Siphoviridae family (Table 4.1). 
To assess the timing and efficacy of adsorption, in vitro adsorption experiments were 
performed for phage SoPhi2 with LMG 28773 (GBBC 1419) as bacterial host and phage SoPhi4 
with LMG 28775 (GBBC 1484) as bacterial host (Figure 4.2). Also the adsorption characteristics 
for phage SoPhi7 with host LMG 28775 were analyzed. Phage SoPhi4 showed the fastest 
adsorption with 92% of phages being irreversibly adsorbed to its bacterial host after 1 min 
and 95% after 6 min. Adsorption of phage SoPhi2 was slower but resulted in an adsorption of 
98% after 6 min. The adsorption speed of phage SoPhi7 was comparable to that of SoPhi2 but 
28% of the phages were still non-adsorbed after 6 min. This results in adsorption constants k 
[k=(2.3/(B*t))*log(P0/P), with B the bacterial titer at time zero and t the time] at 1 min of 
1.11x10-9 ml/min for phage SoPhi2, 3.76x10-9 ml/min for phage SoPhi4 and 5.69x10-9 ml/min 
for phage SoPhi7. 
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Killing curves were generated by infecting an exponentially growing culture of X. campestris 
pv. campestris strain LMG 28773 and LMG 28775 with phage SoPhi2 and SoPhi4, respectively, 
at different MOI demonstrating their virulence (Figure 4.3). Absorbance at 600 nm decreased 
after 40 and 100 minutes for phage SoPhi2 and SoPhi4, respectively. Phage SoPhi2 showed a 
fast decline reaching OD600 <0.1 after 120 min instead of 340 min for SoPhi4. The latter did 
not show a correlation between MOI and OD600 over time. No rise in OD600 appeared within 
the four hours of monitoring meaning that resistance development could not yet be detected. 
0
20
40
60
80
100
120
140
160
0 2 4 6 8
P
/P
0
Time after infection (min)
SoPhi2
SoPhi4
SoPhi7
Figure 4.2: Adsorption curves of phages SoPhi2, SoPhi4 and SoPhi7. The ratio of non-adsorbed phages (P) to 
the initial titer (P0) is followed over time . Experiments were performed in LBrs at 26°C with LMG 28773 as host 
for SoPhi2 and LMG 28775 as host for SoPhi4 and SoPhi5. Error bars indicate the standard deviation based on 
three independent repeats per phage. 
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Figure 4.3: Killing curves of phages SoPhi2 and SoPhi4 demonstrating the decrease of OD600nm over time at 
different MOI’s. The average OD600nm of three independent repeats is represented with error bars displaying 
the standard deviation. Experiments were performed in LBrs at 26°C with LMG 28773 as host for SoPhi2 and 
LMG 28775 as host for SoPhi4. 
4.2.3. Physical stability of SoPhi2 and SoPhi4 
The influence of temperature and pH on the viability of phages SoPhi2 and SoPhi4 was tested 
(Figure 4.4 and Figure 4.5). Phage SoPhi2 was stable between 4°C and 37°C in phage buffer, 
but after 24 hours of incubation at 50°C only 23% of the phages remained viable. Only 1.6% 
of the phages survived freezing for 24h at -20°C. Phage SoPhi4 was more stable with 76% of 
the phages remaining viable after 24h incubation at 50°C, and 53% after incubation at -20°C. 
Both phages were stable from pH 4 to pH 12 for 24 hours. 
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Figure 4.4: Stability of phages SoPhi2 and SoPhi4 after 1 and 24 hours at different temperatures, presented 
as the percentage of viable phages. Phages were suspended in phage buffer. Error bars indicate standard 
deviation calculated on three repeats.  
  
Analysis of the optimal infection temperature showed T-dependent infection. Only phages 
SoPhi1 and SoPhi2 were able to infect their host when grown at temperatures up until 30°C. 
Phages SoPhi3, SoPhi4, SoPhi6 and SoPhi7 were able to infect at temperatures of 26°C or 
lower and SoPhi5 could only infect at room temperature (+/-21°C). This temperature 
dependence can influence phage therapy efficacy on the field. 
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Figure 4.5: Stability of phages SoPhi2 and SoPhi4 after 1 and 24 hours at different pH, presented as the 
percentage of viable phages. Phages were suspended in phage buffer with adjusted pH and incubated at 4°C. 
Error bars indicate standard deviation calculated on three repeats. 
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For two phage-host interactions, the frequency of host resistance was determined. An 
exponentially growing culture of strain LMG 28773 was infected with SoPhi2 at MOI1 and 
after 72 h incubation, phage-resistant bacteria appeared on the plate. To exclude the 
possibility of contamination, the identity of 12 colonies was verified with a multiplex PCR 
according to Roberts & Koenraadt (2014), confirming their identity as X. campestris pv. 
campestris. This resulted in a calculated resistance frequency of 1.55x10-6. A host screen using 
these isolates revealed that five of them could still be infected by phages SoPhi1 and also by 
SoPhi2, but at a lower plating efficiency than on the original LMG 28773 host. The other seven 
isolates proved resistant to all the six phages tested, so called cross-resistance. The same 
experiment was performed with phage SoPhi4 and strain LMG 28775. After 72 h incubation 
resistant colonies appeared and PCR-analysis was used to confirm the identity of 12 of them, 
resulting in a calculated resistance frequency of 1.04x10-5. Again, resistance was not complete 
since four of the isolates could still be infected by SoPhi4 but at a lower plating efficiency. 
However, all twelve isolates could be infected by phage SoPhi3. Unfortunately, no results are 
available for the resistance against phage SoPhi5 for both experiments. The results of the 
resistance experiment indicate that phages SoPhi3 and SoPhi4, both capable of infecting LMG 
28775, each use another phage receptor and/or have another receptor binding protein as 
resistance to SoPhi4 does not lead to resistance of SoPhi3. In contrast, there is a correlation 
between resistance of LMG 28773 to SoPhi1 and SoPhi2, suggesting they use the same 
receptor for infection. 
A spot test with supernatant from an overnight culture of those resistant isolates on the four 
host strains (LMG 28773, LMG 28774, LMG 28775 and LMG 28776) suggested there was no 
induction of lysogens under the conditions tested. In general, as all phages produce clear 
plaques there is no indication of lysogeny. 
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4.3. Genome and proteome analysis 
4.3.1. Genome analysis of phages SoPhi1, SoPhi2, SoPhi4 and SoPhi7 
The genomes of phages SoPhi1, SoPhi2, SoPhi4 and SoPhi7 were sequenced using the Illumina 
MiSeq platform. The DNA concentration and purity of the other phages was insufficient for 
sequencing. Information about the genome characteristics is summarized in Table 4.1. Since 
phages SoPhi1 and SoPhi2 have similar genome characteristics, they will be discussed 
together. 
4.3.1.1. Phages SoPhi1 and SoPhi2 
In the genomes of phages SoPhi1 and SoPhi2, 65 open reading frames (ORFs) were identified 
and similarity on protein level was verified by Blastp analysis. Blastn analysis of the complete 
genome sequence demonstrated some similarity with Pseudomonas phage PPpW-3 with a 
sequence identity of 68% over a query coverage of 26%. This phage also belongs to the 
Myoviridae family and has a genome size of 44 kb, coding for 66 ORFs (Kawato et al, 2015). 
The genome of SoPhi1 is very similar to that of SoPhi2, except for an endonuclease (ORF1) 
which is only present in SoPhi1. Other differences are situated in ORFs of unknown function. 
Both phage genomes encode two tRNAs, situated between the DNA replication region and 
the region coding for structural phage proteins. This is consistent with the genome 
organization of the related Pseudomonas phage PPpW-3, however, this phage has only one 
predicted tRNA. Six factor-independent terminators were retained after manual verification 
and were located across the entire genome. Probable promoter sequences were identified by 
looking for conserved motifs in the 100 bp upstream region of each ORF. No bacterial 
promotors were found using MEME or PHIRE. However, both programs predicted a 19 bp long 
putative phage promotor (ATTACACRCGTAAYRCRAC). This promotor motif occurred three 
times in each of the genomes in front of ORF13, ORF19 and ORF21 for phage SoPhi1 and 
ORF12, ORF19 and ORF21 for phage SoPhi2. However, no RNA-polymerase homolog was 
found in the phage genomes. Comparison of the genomes of SoPhi1, SoPhi2 and PPpW-3 
demonstrated a conserved genome organization with homologs mostly situated among the 
genes involved in replication and the structural genes (Figure 4.6). The phages are not 
phylogenetically related to any of the phages in the International Committee on Taxonomy of 
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Viruses (ICTV) catalogue complicating their classification. As such they could be defined as 
members of a new genus. No toxin genes, virulence genes or genes related to lysogeny were 
discovered in the phage genomes indicating their suitability for phage therapy. 
 
 
4.3.1.2. Phage SoPhi4 
A total of 80 ORFs were predicted within the SoPhi4 genome and similarity at the protein level 
was verified by Blastp analysis. No tRNA coding sequences could be predicted. Five factor-
independent terminators were retained after manual verification and were located 
intergenically across the entire genome. Using MEME, a motif resembling a typical E. coli 
bacterial promoter sequence (TTGACA-N17-18-TATAAT) was found four times across the 
genome. No putative phage promoters were predicted by PHIRE or MEME. The genome 
organization is visualized in Figure 4.7. 
Figure 4.6: Genome maps of phage SoPhi1, SoPhi2 and Pseudomonas phage PPpW3. The predicted ORFs are 
indicated by hollow arrows and putative functions are designated. Arrows pointing forward represent ORFs on 
the forward strand, arrows pointing backward represent ORFs on the reverse strand. Promoters are indicated 
with arrows, factor-independent terminators with stem-loop structures, and are placed upside down when 
located on the reverse strand. Identity (blastn) with the neighboring genome is indicated in gray ranging from 
65% to 100%. Figure generated with EasyFig (Sullivan et al, 2011). 
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Figure 4.7: Genome maps of phage SoPhi4 and the related Xylella phage Sano and Burholderia phage 
BcepNazgul. The predicted ORFs are indicated by hollow arrows and putative functions are designated. Arrows 
pointing forward represent ORFs on the forward strand, arrows pointing backward represent ORFs on the 
reverse strand. Promoters are indicated with arrows, factor-independent terminators with stem-loop structures, 
and are placed upside down when located on the reverse strand. Identity (blastn) with the neighboring genome 
is indicated in gray ranging from 65% to 100%. Transcriptional units are indicated by Roman numerals. Figure 
generated with EasyFig (Sullivan et al, 2011). 
 
Analysis of the sequence coverage of SoPhi4 suggested a linear genome organization, which 
was confirmed by PCR analysis with primers spanning the predicted genome ends. Blastn 
analysis of the complete genome sequence demonstrated some similarity with phages Sano 
and Salvo with as hosts Xylella fastidiosa and a Xanthomonas isolate from rice (Ahern et al, 
2014). SoPhi4 also has similarities with Burkholderia cenocepacia phage AH2 and BcepNazgul 
(Lynch et al, 2012). Ahern et al. (2014) proposed a new phage type containing phages Sano 
and Salvo of X. fastidiosa, Enterobacter phage Enc34 (Kazaks et al, 2012), enteric bacteria 
phage Chi(Lee et al, 2013), Providencia phage Redjac (Onmus-Leone et al, 2013) and B. 
cenocepacia phages AH2 and BcepNazgul with the latter proposed to be the founding 
member of the new phage type. Based on its sequence homology and similar genome 
organization, phage SoPhi4 should be included into this new phage type. Those related 
phages all belong to the Siphoviridae family suggesting the same morphology for SoPhi4. 
Genome organization of SoPhi4 is similar to the related phages, grouped into four 
transcriptional units. The genes for host cell lysis, situated in the transcriptional unit III, have 
the same genome organization as phage Sano: first the o-spanin and i-spanin, then the holin-
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antiholin genes and finally the endolysin (Ahern et al, 2014). All genes necessary for 
subversion of the three cell envelope layers of the Gram-negative bacterial host are thereby 
present (Young, 2014). Although phage SoPhi4 encodes a Cro-like protein, there are no other 
indications in the genome supporting a lysogenic lifestyle such as an integrase, in contrast to 
Burkholderia phage AH2. Also, our experiments which tested for lysogeny support the 
conclusion that the phage is virulent. Possibly, all Nazgul-like phages except for AH2 have 
diverged to become virulent by deletions and modifications of lysogeny-related genes.  
4.3.1.3. Phage SoPhi7 
Phage SoPhi7 has a large genome size of 314.602 bp thereby belong to the group of giant 
phages. In the genome, 368 ORFs were identified and similarity at protein level was verified 
by Blastp analysis. Fifteen tRNAs were found, all of them were clustered between 220-232 kb 
of the genome. Forty-four factor-independent terminators were retained after manual 
verification and were located across the entire genome. Using MEME, three putative phage 
promoters were found. The first one is similar to the early promoter of phage φKZ with an AT-
rich 17 bp consensus sequence (TTTCANANMNRTACTAT) and was found at 15 locations across 
the genome (Mesyanzhinov et al, 2002; Ceyssens et al, 2014). A motif resembling the putative 
middle phage promoter of φKZ (AAACTTTAC) was found at two locations in the genome, 
upstream from ORF 52 and ORF 172. The φKZ motif TATG, associated with late transcription, 
was found 30 times across the genome. Whether the motifs found in SoPhi7 have the same 
function as in φKZ could be confirmed by RNA-seq analysis. MEME predicted a fourth motif 
(TRARGGMYWMTNSYMTGA) that occurred six times in the genome on sites where 
transcription switches strand suggesting a role in transcription regulation. The genome of 
SoPhi7 contains five ORFs coding for RNA polymerase subunits supporting the idea that the 
phage regulates its own transcription. Recently, it was demonstrated that the related phage 
φKZ codes for two RNA polymerase enzymes making it independent of the host transcription 
machinery (Ceyssens et al, 2014). The genome organization of SoPhi7 is shown in Figure 4.8. 
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Figure 4.8: Genome organization of phage SoPhi7 (314.602 bp). The outer ring represents ORFs on the forward 
and reverse strand. ORFs of unknown function are colored light grey, predicted tail genes in blue, genes involved 
in replication in orange, DNA packaging in yellow, DNA binding in red, lysis in pink and capsid genes in green. 
The second ring indicates the position of putative early phage promotors (green), factor-independent 
terminators (brown) and tRNAs (pink). The inner ring is a graph of the GC-skew ((G-C)/(G+C)) with green and 
purple indicating respectively positive and negative values. The figure was made with DNA plotter (Carver et al, 
2009). 
SoPhi7 
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Based on Blastp results, similarity was observed for 62 ORFs with the giant Myoviridae phage 
PhiKZ. This homology was mostly situated among structural genes suggesting a similar 
morphology for phage SoPhi7. The phage genome is circular with direct terminal repeats after 
packaging. Another phage of the φKZ-like group, phage φPA3, was shown to be a transducing 
phage making it unsuitable for phage therapy (Monson et al, 2011). As transduction can lead 
to increased host virulence, it is essential that transducing properties of SoPhi7 are tested 
before including it in any phage therapy applications. 
4.3.2. Proteome analysis of phage SoPhi2 with ESI-MS/MS 
Analysis of the proteome of phage SoPhi2 by ESI-MS/MS led to the identification of 34 
proteins, 19 of them had a predicted function based on homology to other phage proteins 
(Table 4.3). Proteins were identified based on the match of unique peptides with a local 
database containing all possible phage proteins based on the genome sequence of SoPhi2. A 
unique peptide is defined as a peptide that exists only in one protein of a proteome of interest 
and acts therefore as a protein tag in protein identification (Zhao & Lin, 2010). Most of the 
detected proteins are structural phage proteins. However, possible non-structural proteins 
have been observed, possibly resulting from the use of non CsCl-purified phages for protein 
extraction since non structural proteins can remain in the phage lysate after bacterial lysis. 
When considering the coverage of the protein sequence by peptides recovered during ESI-
MS/MS, a protein with unknown function (ORF 57), a DNA-binding protein (ORF 39) and the 
tail tube protein (ORF 46) have the highest coverage indicating that these proteins were 
present in a large amount in the original sample. However, protein coverage can be influenced 
by protein digestion and the presence of other proteins and impurities (Baldwin, 2004). One 
structural protein, a putative tail protein (ORF 42), could not be detected. All other predicted 
structural proteins were identified by mass spectrometry confirming their in silico ORF 
predictions.  
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Table 4.3: Characteristics of the ESI-MS/MS identified proteins of phage SoPhi2 
 
 
ORF Putative protein function Protein 
size (kDa) 
N° of unique 
peptides 
recovered 
Protein coverage 
1 Hypothetical protein 22,67 4 22,8% 
2 Putative endolysin 19,46 2 15,8% 
3 Hypothetical protein 11,31 1 11,7% 
12 Hypothetical protein 9,57 1 16,1% 
19 Hypothetical protein 25,92 1 6,8% 
21 Hypothetical protein 20,82 1 13,7% 
23 Putative DNA primase 90,85 2 3,0% 
25 Hypothetical protein 10,53 1 12,5% 
27 Hypothetical protein 25,10 1 4,8% 
32 Hypothetical protein 33,45 3 15,8% 
33 Putative DNA helicase 54,77 1 2,2% 
34 Hypothetical protein 48,36 2 4,1% 
36 Putative DNA helicase 35,06 5 25,4% 
39 Putative DNA-binding protein 16,33 5 47,2% 
41 Putative tail protein 42,92 2 5,4% 
43 Putative tail protein 42,06 3 12,6% 
44 Putative tail protein 84,00 3 4,6% 
46 Putative tail tube protein 19,86 4 30,5% 
47 Putative tail sheath protein 56,85 6 14,7% 
48 Putative tail collar protein 11,16 1 13,8% 
49 Hypothetical protein 81,89 4 9,7% 
50 Putative tail protein 24,96 2 10,1% 
51 Putative tail protein 32,44 3 27,5% 
52 Putative baseplate assembly protein 12,78 1 15,5% 
53 Putative baseplate assembly protein 26,10 1 5,9% 
54 Hypothetical protein 20,97 3 21,0% 
55 Hypothetical protein 20,78 1 11,1% 
57 Hypothetical protein 13,21 3 54,9% 
59 Hypothetical protein 28,99 1 6,8% 
60 Putative major capsid protein 82,44 8 17,5% 
61 Putative capsid protein 58,23 8 17,8% 
62 Putative phage protein 19,78 3 25,6% 
63 Putative terminase large subunit 77,67 2 3,0% 
65 Putative terminase small subunit 18,89 1 7,6% 
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4.4. Discussion 
Using BOX-PCR fingerprinting, a high genomic heterogeneity was observed among the X. 
campestris pv. campestris strains isolated from Flemish fields and this diversity was also 
observed among the isolated phages. Phages SoPhi1, SoPhi2 and SoPhi7 belong to the 
Myoviridae family with the last one being a giant phage based on the genome size. SoPhi4 is 
considered to be a Siphoviridae phage based on genome similarity with phage BcepNazgul. 
Phages SoPhi3, SoPhi5 and SoPhi6 need further characterization. This bacterial and phage 
diversity was also represented in their interactions, in the host range profiles of the phages. 
Only phages SoPhi1 and SoPhi2 had the same host range, the other phages are 
complementary. However, the assortment of the seven newly isolated phages does not cover 
the diversity of X. campestris pv. campestris strains that have been analyzed. Except for isolate 
GBBC 1432, strains resistant to our phages are all old isolates retrieved from collections and 
are of foreign origin (Tanzania, United Kingdom and Mauritius). As phage isolation was only 
performed in Flanders, this indicates local adaptation of the phages to the bacterial hosts 
which currently exist in the production fiels in Flanders and the fact that these X. campestris 
pv. campestris are typical and different from the ones identified as X. campestris pv. 
campestris but isolated before from other production regions. There was nothing 
extraordinary about the isolation of strain GBBC 1432, isolated from a Flemish savoy cabbage 
field in 2012, explaining its phage resistance. Another possible reason for incomplete X. 
campestris pv. campestris coverage could be that the used enrichment technique was not 
sensitive enough to isolate low abundant phages. Previous research of Breitbart & Rohwer 
(2005), suggesting the existence of high local diversity with viruses becoming abundant when 
their host becomes dominant, supports the second hypothesis. In order to be effective as a 
phage therapy beyond Flanders, more phages need to be isolated to cover the bacterial 
diversity present at different locations. 
In vitro characteristics of phages SoPhi2 and SoPhi4 make them suitable for use in a phage 
therapy. By demonstrating a temperature stability from 4°C to 37°C and pH stability from pH 
4 to 12, they are capable of surviving in the plant environment when applied. However, a 
disadvantage is the temperature dependent infection of most phages. Only phages SoPhi1 
and SoPhi2 are able to infect their host when grown at temperatures of 30°C. Phages SoPhi3, 
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SoPhi4, SoPhi6 and SoPhi7 are able to infect at temperatures of 26°C or lower and SoPhi5 
could only infect at room temperature (+/-21°C). This means that in summer, when 
temperatures occasionally rise above 21°C some bacterial strains may not be killed by the 
phages. A hypothesis is that the bacterial receptor necessary for phage infection is not 
expressed at higher temperatures, this is further discussed in chapter 7.4. The results of the 
resistance experiment may suggest that phages SoPhi3 and SoPhi4, both capable of infecting 
LMG 28775, each use another phage receptor and/or have another receptor binding protein 
as resistance to SoPhi4 does not lead to resistance of SoPhi3. In contrast, there is a correlation 
between resistance of LMG 28773 to SoPhi1 and SoPhi2, suggesting they use the same 
receptor for infection. When phages are applied in a phage cocktail, this resistance 
development is less likely to occur (Gill and Hyman 2010; Barbosa et al. 2013). 
Adding the results of the genome analysis to the in vitro experiments with SoPhi2 and SoPhi4 
confirms their suitability and safety for tests in plants. They are strictly virulent, meaning that 
infection with the phages results in bacterial lysis minimizing the risk of horizontal transfer of 
pathogenicity genes as is the risk with lysogenic phages (Penadés et al, 2015). In addition, the 
possibility of resistance through lysogenic conversion was excluded and in the genome, no 
genes related to virulence or lysogeny were found. Phage SoPhi1 is very similar to SoPhi2, 
they are suspected to behave in the same way. However, genome analysis of SoPhi7 points 
towards relatedness with transducing phage phiKZ, further research should exclude this 
behavior in SoPhi7 before the use in field applications. Stability tests and genome analyses 
should still be performed for the uncharacterized phages SoPhi3, SoPhi5 and SoPhi6. 
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Chapter 5. Biocontrol of Xanthomonas campestris pv. 
campestris in Brassica production using phages 
5.1. Introduction 
In the previous chapter the characteristics of phages SoPhi2 and SoPhi4 were proven to be 
potentially suitable for phage therapy. In anticipation of more information about the other 
isolated phages, the in planta potential of these phages as well as the other X. campestris pv. 
campestris phages, was tested in plant experiments. The ability of the phages to prevent 
vascular infections was first tested in cauliflower transplants. Those experiments were 
followed by pot trials under controlled conditions to test different application strategies, and 
finally field trials to evaluate their potential as crop protection agents in an uncontrolled 
environment. As genome analyses indicated the need for prudence with phage SoPhi7 
because of a possible transducing potential, this phage was no longer included in the field 
trials of 2015. The field trials were performed in the expermintal stations for vegetable 
production PCG (Kruishoutem), PSKW (Sint-Katelijne Waver) and Inagro (Beitem), and are 
therefore presented in a concise manner, focusing on the main conclusions and 
interpretation. 
5.2. Phage assay on cauliflower transplants 
The ability of the X. campestris pv. campestris phages to prevent vascular infection was first 
tested on cauliflower transplants cultivar Clarina (Syngenta). A 50 µl droplet of bacterial 
suspension with a concentration of 107 CFU/ml suspended in phage buffer was placed onto 
the leaf axil of a cotyledon. A needle was used to stab through the droplet into the plant stem 
in order to stimulate vascular infection. Immediately after, a 50 µl droplet phage suspension 
with a concentration of 109 pfu/ml was placed onto the leaf axil of a mature leaf situated 
higher on the stem and again vascular entrance was stimulated by stabbing through the 
droplet with a sterile needle. Ten plants were inoculated per bacteria/phage combination, as 
presented in Table 4.1, and three plants for the control in which only the bacterial pathogen 
was inoculated.  
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In a first trial, the control experiments showed that symptom development varied between 
the tested host strains, with LMG 28773 (bacterial host of phage SoPhi1 and SoPhi2) showing 
100% of the plants infected after seven days, LMG 23774 (host of SoPhi5) and LMG 28775 
(host of SoPhi3, SoPhi4 and SoPhi7) infected 2/3 of the plants after seven days and 100% after 
12 days, and LMG 28776 (host of SoPhi6) was unable to infect all plants even after 12 days. 
Control capacity varied for the different phages but was in this trial independend on 
aggressiveness of the bacterial host. Phage SoPhi1 and SoPhi2 were able to suppress 
symptom development up till 7 dpi, but this effect disappeared when scored at 12 dpi, with 
all plants showing symptoms at that time. Symptom development also increased over time 
for plants inoculated with phage SoPhi3, but remained lower than in the control group. The 
number of infected plants treated with SoPhi4 decreased over time as a result of the loss of 
symptomatic leaves by two plants. In the other eight plants disease progressed and no phage 
effect was visible. Only phages SoPhi7 and SoPhi5 were able to repress symptom 
development over a longer period of time, as the percentage of affected plants remained 
stable in contrast to the control. Results indicated the ability of all but one phage, SoPhi6, to 
decrease the development of black rot in the Brassica plantlets although its host was the least 
virulent one (data not shown). 
The cauliflower transplant assay was independently repeated with cultivar Giewont (Seminis) 
using the same setup but with 10 control plants per bacterial strain (Figure 5.1). Symptom 
development was evaluated at 8 and 13 days post inoculation. In this trial, the number of 
affected plants as well as the number of affected leaves per plant were monitored. Both 
scoring methods showed the same trend, with differences in the number of affected leaves 
per plant being more pronounced. Bacterial strains LMG 28773, LMG 28774 and LMG 28775 
showed comparable aggressiveness, LMG 28776 was again less virulent as it did not develop 
infection in 100% of the test plants after 13 days, in contrast to the other strains. When 
comparing the number of affected leaves between control plants and phage treated plants, 
there was a significant difference after eight days for the plants treated with the combination 
LMG 28774/SoPhi5 and LMG 28775/SoPhi3, with respectively 0.3 and 0 affected leaves per 
plant on average, compared to their controls (1.1 and 0.6 affected leaves, respectively). This 
difference remained significant for LMG 28775/SoPhi3 at 13 dpi with on average 1.4 affected 
leaves compared to 2.3 leaves in the control. It is possible that the way of administering the 
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phages made it difficult for them to reach the bacteria in the vascular system before infection 
was established because they do not have an active transport mode as opposed to the 
flagellated Xanthomonas. This was further investigated by pot trials with different application 
methods. 
 
 
 
  
Figure 5.1: Boxplot of the second cauliflower transplant assay (cultivar Giewont) in a 5-leaf stage displaying 
the number of symptomatic leaves per plant 8 and 13 days post inoculation (dpi). Each of the seven SoPhi 
phages (109 pfu/ml) was inoculated in 10 plants together with their bacterial host (107 CFU/ml).* indicates 
significant results with p < 0.05 
p=0.019 p=0.012 
p=0.011 
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5.3. Pot trials testing different application strategies for bacteria 
and phages 
Simultaneous to the second cauliflower transplant assay, pot trials were started to test 
different bacteria and phage application methods. Because of its extensive in vitro 
characterization and ease of amplification, phage SoPhi2 was selected for these trials in 
conjunction with its host, X. campestris pv. campestris strain LMG 28773. 
5.3.1. Phage protection through application on leaves 
In this trial, cauliflower transplants with three to four mature leaves were planted in pots and 
leaves were treated with a suspension of phage SoPhi2 and a suspension of X. campestris pv. 
campestris strain LMG 28773. Twenty plants were divided into four objects: a water treated 
negative control, a phage treated control (108 pfu/ml in water + 0.01% Tween®20), a positive 
infection control (LMG 28773 5*107 cfu/ml in water + 0.01% Tween®20), and phage and 
bacteria combined. First 10 ml of phage suspension per object was sprayed on the leaves. 
After two hours, an identical volume of bacterial suspension was sprayed on the leaves. This 
interval was chosen based on the results of Iriarte et al, (2012) demonstrating that phage 
mixtures were most effective when applied around the time of inoculation. The soil was 
covered with plastic during every treatment preventing the contamination of bacteria or 
phage in the soil. Disease development was stimulated by covering the plants during 48 hours 
with plastic to maintain humid conditions. After 14 days, plants had five leaves and all five 
plants of the bacterial infection control had developed symptoms. Four plants had two 
affected leaves and the fifth plant had only one affected leaf resulting in an average of 1.8 
affected leaves per plant. In the group of plants treated with phage and bacteria, one plant 
had no symptoms, two plants had one affected leave and two plants two affected leaves with 
on average 1.2 affected leaves. No symptoms were observed in the water and phage control 
group. After 19 days, the number of affected leaves remained the same for the bacterial 
infection control but increased for the group of plants treated with the combination of phage 
and bacteria leading to an average of 1.8 affected leaves per plant although symptoms were 
still less severe. This was shown by a lower percentage of leaf surface affected: an average of 
5.3 % affected leaf surface for the bacteria/phage treated group and 12.7 % for the bacterial 
Biocontrol of X. campestris pv. campestris in Brassica production using phages 
87 
 
infection control. Although clear differences were observed, those were not statisticaly 
significant.  
This trial was repeated independently with 25 plants per object spraying 5 ml phage 
suspension per plant with a concentration of 108 pfu/ml and 5 ml bacteria suspension with a 
concentration of 6*107 cfu/ml, both with addition of 0.01% Tween®20. Compared with the 
previous trial, this is half the volume of phage and bacteria. After 8 days no significant 
differences were observed between the four objects. After 12 days, the bacterial infection 
control had a higher percentage affected plants and statistically significant higher number of 
affected leaves per plant than the phage/bacteria treated group although the difference in 
percentage of leaf surface affected was not significantly different between these two. Some 
plants wilted completely, probably because of an infection with Verticillium, these plants 
were not included in the statistical analysis (Figure 5.2). Sixteen days after inoculation the 
differences became larger with the bacteria treated group having a significant higher number 
of affected leaves (with an average of 0.54) than the phage/bacteria treated group (0.17). The 
latter even being not significantly different from the phage control (0.08) and water control 
(0.05). Symptoms in the control groups were probably the result of a Verticillium infection. 
The percentage of leaf area affected remained small for all objects, with no significant 
differences between them. After 20 days, the significant difference at 16 days dissappeared 
but after 23 days, the bacteria/phage treated group had again a significant lower number of 
affected leaves per plant (0.36) compared to the bacteria treated control group (0.75), 
probably because a symptomatic leaf was lost in the bacteria/phage treated group. Also the 
percentage leaf surface affected was significantly lower at the end of the trial. To conclude, 
disease development was slower in the phage/bacteria treated group compared to the 
bacteria treated control group and the average number of symptomatic leaves per plant 
stayed lower until the end of the trial. 
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5.3.2. Phage protection through application in soil 
In the second trial, cauliflower transplants, containing three to four mature leaves, were 
planted in pots and afterwards soils were irrigated with a suspension of phage SoPhi2 and a 
suspension of X. campestris pv. campestris strain LMG 28773. Twenty plants were divided 
into four objects: a water treated negative control, a phage treated control (2*107 pfu/ml in 
water), a positive infection control (LMG 28773 5*106 cfu/ml in water) and phage and bacteria 
combined. First 50 ml of phage suspension was administered after which plant roots were 
wounded by stabbing three times with a knife into the plant pot from above to stimulate root 
entrance. After two hours, an identical volume of bacterial suspension was added. Disease 
Figure 5.2: Boxplot comparing the number of symptomatic leaves per plant at different days post inoculation 
(dpi) for the bacterial control object incolated with strain LMG 28773 (A) and the objected treated with LMG 
28773 and phage SoPhi2 (B) (25 plants per object). * indicate time points with significant differences between 
the treatments based on Mann-Whitney U non parametric test. 
*               *                             * 
*               *                             * 
A 
B 
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development was stimulated by covering the plants with plastic for 48 hours to maintain 
humid conditions. After 14 days, one out of five plants of the bacterial infection control 
showed a leaf with V-shaped necrosis. After 19 days those symptoms also appeared on a leave 
of the water control and the phage control set ups although they were less severe. As 
symptoms also appeared on control plants, they are probably not caused by X. campestris pv. 
campestris indicating that X. campestris pv. campestris is not likely to cause infection via the 
roots of cauliflower plants under the concentrations tested.  
5.3.3. Systemic phage protection 
In the third trial, cauliflower transplants were planted in pots and phage SoPhi2 was applied 
to the soil while leaves were treated with a suspension of X. campestris pv. campestris strain 
LMG 28773. Twenty plants were divided into four objects: a water treated soil as negative 
control, a phage control (2*107 pfu/ml in water), a positive infection control (LMG 28773 
5*107 cfu/ml in water + 0.01% Tween®20), and phage and bacteria combined. First 50 ml of 
phage suspension was administered to the soil after which plant roots were wounded 
immediately to improve plant access. After two hours, 10 ml of bacteria suspension was 
sprayed onto the leaves. Disease development was stimulated by covering the plants with 
plastic for 48 hours to maintain humid conditions. After 14 days, all five plants of the positive 
infection control developed symptoms. Three plants had two affected leaves and two plants 
had three affected leaves resulting in an average of 2.4 affected leaves per plant. In the group 
of plants treated with phage and bacteria, one plant had no symptoms, two plants had one 
affected leave and two plants two affected leaves, with an average of 1.2 affected leaves per 
plant. No symptoms were observed in the water and phage control group. After 19 days, the 
number of affected leaves remained the same for the bacteria infection control, but increased 
for the group of plants treated with phage and bacteria leading to an average of 1.8 affected 
leaves although a lower percentage of leaf surface was affected. An average of 10.5 % 
affected leaf surface was measured for the bacteria/phage treated group and 18.2 % for the 
bacteria control. The differences in number of affected leaves are only significant at 14 dpi 
meaning that phages can delay leaf infection when added to the soil. 
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5.4. Field trials testing the efficacy of a combination of different 
SoPhi phages 
A combination of different phages was used in the field trials as this resembles most the way 
the phages will be used in commercial applications. A phage combination is necessary in 
uncontrolled conditions to expand the host range of the phage therapy product and to 
minimize the development of bacterial resistance. In the field trials of 2014, the phage cocktail 
consisted of the seven SoPhi phage isolates. In 2015, only phages SoPhi2 and SoPhi4 were 
used as those phages were regarded safe based on in vitro characteristics and genome 
analysis. Also the amplification ease of those phages made them most suitable for a phage 
therapy application. Two different X. campestris pv. campestris strains, LMG 28773 and LMG 
28775, were used in inoculations to investigate the influence of strain type on phage therapy 
efficiency. The phage cocktails and bacterial inoculum were provided to the expermintal 
stations for vegetable production who carried out the infection, phage treatments, recorded 
symptom development and did the statistical analysis. 
5.4.1. Spray treatment of transplants before planting 
In a first field trial set-up, the potential of the phage mixes to protect cauliflower transplants 
against bacterial infection at planting was tested. A phage solution containing the seven 
phages was sprayed on the trays with transplants before planting them in an infested field. 
By using a phage cocktail, the plants were protected not only against the inoculant but also 
against other X. campestris pv. campestris types, present naturally. This experiment was 
performed on three different locations in Flanders in the year 2014.  
In the trials at PCG and PSKW, cauliflower plants of cultivar Balboa (Bejo) and Clapton 
(Syngenta), respectively, were used. The field at PSKW had a history of black rot disease as it 
was inoculated with LMG 28773 in a trial the previous year and was not artificially infected, 
the field at PCG was inoculated with strain LMG 28775. The first symptoms developed two 
months after planting in phage-treated and non-treated objects resulting on both locations 
in a higher disease incidence and severity in the phage treated plants (Table 5.1). Treated 
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plants were still wet upon planting, whereas the negative control plants were not wetted with 
water. This wet condition probably induced disease in the phage-treated object. 
 The trial at Inagro used plants of cultivar Balboa (Bejo) and was artificially inoculated with 
strain LMG 28773 but suffered from a major infection of clubroot (Plasmodiophora brassicae) 
making X. campetris pv. campestris disease assessment impossible. 
Phage treatment PCG 
Cultivar Balboa 
Natural infection 
PSKW 
Cultivar Clapton 
LMG 28775 
Inagro 
Cultivar Balboa 
LMG 28773 
no 16.7 43.8 / 
yes 33.9 86.3 / 
 
In 2015 this field experiment was repeated but a water treatment was also applied in the 
control group. The phage cocktail consisted of phages SoPhi2 and SoPhi4. This time the trials 
at Inagro with plant cultivar Clarify (syngenta) as wel as PSKW with cultivar Clarina (syngenta) 
were both inoculated with LMG 28773 which has been shown to be lysed by the SoPhi2 phage. 
However, plants did not show infection symptoms, no conclusions could be made on the 
effect of the phage treatment. The trial at PCG was performed with plants of cultivar Balboa 
(bejo) and was incolated with LMG 28775. Two months after planting, the percentage of 
symptomatic plants was 9% for the phage treated plants and 7% for the water control group. 
This increased to 98% for both groups three months after infection with average percentage 
leaf surface affected for the phage treated group being slightly higher than the control group 
(8.35% versus 7.04%). 
Results of the two years indicate that the selected phage mix applied prior to planting in an 
infested field did not lead to disease control, regardless of the strain type used for 
inoculations. 
  
Table 5.1 Disease incidence (percentage symptomatic plants per object) after two months for the field trial in 
2014 at three different locations where 150 cauliflower transplants were sprayed with a phage cocktail 
containing all seven SoPhi phages each at a concentration of 108 pfu/ml before planting in an infested field. 
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5.4.2. Spray application of phages on mature plants 
To test for their potential as a crop protection agent in a later growth stage, in 2014 and 2015 
parallel field trial were performed in which phages were sprayed on plants one or two months 
after planting. First, bacteria were sprayed onto the plants and the day after, a phage cocktail 
with the seven phages present in a concentration of 108 pfu/ml each was sprayed onto the 
plants. These trials were performed in the thee different experimental stations. 
In the trial at PCG, cultivar Balboa (Bejo) and the bacterial strain LMG 28775 (sensitive to three 
of the SoPhi phages) were used and phage treatment was repeated three times every two 
weeks. Disease assessments were performed 18 and 35 days after infection and 
demonstrated a higher infection rate with the bacteria treated object in comparison with the 
other objects, meaning that infection was successful (Table 5.2). However, no differences 
caused by the phage treatments could be observed.  
The same trial was performed at PSKW with plants of the cultivar Clarina (Syngenta) and LMG 
28773 (mainly sensitive to two of the phages in the mix). Phage treatments were applied 
every week for 8 weeks with half the dose of phages compared to the trial of PCG, meaning 
that a concentration of 0.5*107 pfu/ml was used. Disease incidence was measured one and 
two months after infection demonstrating a significant higher disease incidence in phage 
treated objects in comparison to the other objects. 
The trial at Inagro was inoculated with LMG 28773 and used plants of cultivar Balboa (Bejo) 
but suffered from a major infection of clubroot (Plasmodiophora brassicae) making disease 
assessment impossible. 
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 PCG 
Cultivar Balboa 
LMG 28775 
PSKW 
Cultivar Clarina 
LMG 28773 
Inagro 
Cultivar Balboa 
LMG 28773 
Untreated 13.5 0 / 
Phage 12.3 48.8 / 
Bacteria 20.0 0 / 
Bacteria + phage 20.0 55.0 / 
 
In 2015 this field experiment was repeated but the control group received water every time 
a phage treatment was performed. The phage cocktail consisted of phages SoPhi2 and SoPhi4 
and was applied the day before bacterial inoculation. This time the trial at Inagro with plant 
cultivar Clarify (syngenta) and strain LMG 28773 did not show infection symptoms, no 
conclusions could be made on the effect of the treatment. 
In the trial at PSKW, cultivar Clarina (syngenta) and LMG 28773 was used and phage treatment 
was repeated four times every week. Disease assessments were performed 2, 4 and 6 weeks 
after infection and demonstrated only infection at the phage treated objects (Table 5.3). The 
cause of these results remain unclear. 
The trial at PCG with cultivar Balboa (bejo) and LMG 28775 suffered from a severe infection, 
with 100% of inoculated plants showing symptoms after 6 weeks. The infection spread from 
the inoculated plots to the adjacent plots with plants that were not inoculated and on these 
plots a difference between phage treated and untreated plants could be noticed with 
infection rates of respectively 79% and 91%. A same trend was apparent when scoring the 
percentage of affected leaf area (1.8% versus 3.6%). This could indicate that phages are more 
effective at lower disease pressure resulting from naturally infections through secondary 
spread of the bacteria. However, the effect was not significant, the test should be repeated 
to prove the efficacy of phage therapy. 
Table 5.2: Disease incidence (percentage symptomatic plants per object) after one month (PCG and PSKW) for 
the field trial in 2014 at three different locations with bacteria (106 CFU/ml) and a phage cocktail, containing 
all seven SoPhi phages each at a concentration of 108 pfu/ml, being sprayed over 200 cauliflower plants per 
treatment. 
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Table 5.3: Disease incidence (percentage symptomatic plants per object) after six weeks (PCG and PSKW) for 
the field trial in 2015 at three different locations with bacteria (106 CFU/ml) and phage SoPhi2 and SoPhi4 
(eacht at a concentration of 108 pfu/ml)being sprayed over 200 cauliflower plants per treatment. 
 PCG 
Cultivar Balboa 
LMG 28775 
PSKW 
Cultivar Clarina 
LMG 28773 
Inagro 
Cultivar Clarify 
LMG 28773 
Untreated 91.0 3 / 
Phage 79.0 61 / 
Bacteria 100.0 3.5 / 
Bacteria + phage 100.0 64 / 
 
In 2014 no effect of the phage treatment on the percentage of symptomatic plants could be 
noticed. Repetition of the test in 2015 with water treatments for non-phage treated plants 
led to the same results at PSKW excluding leaf wetness as a reason for the unconventional 
results. That year a small effect of phage treatment on a low disease pressure was observed 
at PCG. Results of the spray trials demonstrate that under certain circumstances phage 
application can lead to an increased bacterial disease incidence. The wet leaf surface after 
phage application can promote disease proliferation and spread as was demonstrated in 
transplants by Roberts et al, 1999. In addition, temperatures occasionally rose above 26°C 
possibly inhibiting phage infectivity. 
5.5. Discussion 
The assay on cauliflower transplants demonstrated in planta activity for all but one phage, 
SoPhi6. As the bacterial host of this phage, LMG28776, showed a low vascular infectivity, 
other infection methods should be tried to test for in planta activity of this phage. Of the 
other phages, SoPhi5 and SoPhi3 had the strongest activity in both trials. Furthermore, as 
bacteria and phage were applied at different locations along the plant stem, the set-up 
demonstrated systemic movement of bacteria and/or phage, necessary to reach each other. 
The pot trials indicated that phages are able to decrease symptom development in cauliflower 
when administered shortly before pathogen inoculation in similar concentration. Different 
application methods were tested, demonstrating that leaf spraying as well as addition via the 
Biocontrol of X. campestris pv. campestris in Brassica production using phages 
95 
 
soil to wounded roots can decrease leaf infection to a certain extend. In both trials, positive 
effects of the phage treatments were only observed until day 14. A possible explanation is 
that after two weeks, phage resistant bacteria become dominant leading to an increase in 
symptom development. A hypothesis explaining the effect of phages applied to soil is that 
phages are translocated from the roots to the stem and leaves of the cabbage plants 
interfering with the bacteria that enter the vascular system through the leaves. Translocation 
of phages in roots of tomato plants to the stem and leaves was previously proven by Iriarte 
et al, 2012. Their research demonstrated that timing of application was crucial, with root 
applications being less effective when applied three days before inoculation and not effective 
three days after inoculation (Iriarte et al, 2012). This was taken into account when developing 
application strategies for field control. 
Results of the pot trial showed that root infection probably did not occur under the tested 
circumstances. Hydathodes on the leaf margins form the main entrance route for X. 
campestris pv. campestris as they can enter the vascular system of the plant by the 
reabsorption of guttation droplets (Vicente & Holub, 2013). Although the possibility of 
infection via the roots is less studied, some research proved the ability of X. campestris pv. 
campestris to enter the plant via roots (Cook et al, 1952; McElhaney, 1991) as did some 
preliminary experiments of our own. However, symptom development does not always occur 
consistently, as observed in the results of the pot trial.  
Although the potential of phage therapy was demonstrated by the pot trials, the activity of 
the phages could not be confirmed in the field trials. The application method as well as 
weather conditions could be responsible. For example, UV-light or temperatures above 26°C 
could have decreased phage survival and efficiency compared to the pot trials. If possible, 
planting of wet cauliflower plants should be avoided as is the frequent application of leaf 
treatments. As the phages showed protection after application to the soil, a soil application 
before planting could provide protection against infections and could possibly serve as a 
disinfectant for infested fields.  
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Chapter 6. Isolation and characterization of bacterial 
pathogens in leek production1 
6.1. Identification of bacterial pathogens on leek 
6.1.1. Isolation and microbiological characterization 
A total of 112 blighted leek leaf samples were analyzed in this study. The majority was 
collected from leek growers in the East and center of Flanders, Belgium, except for five 
transplant samples: two from the Netherlands and three from Morocco. In all these samples, 
we screened for colonies with a weak blue-white fluorescent appearance on PAF-medium 
under UV366nm irradiation and with a colony morphology similar to reference strains of  P. 
syringae pv. porri. This led to the isolation of 37 presumptive P. syringae pv. porri isolates. No 
bacteria could be isolated from 28 leek samples and the rest of the samples contained bacteria 
with another colony morphology. Analysis of the rpoD or 16S rDNA sequence identified them 
as opportunistic soil bacteria such as P. fluorescens. Two of the P. fluorescens isolates were 
retained for further characterization in this study. Our collection was supplemented with an 
isolate from the study of van Overbeek et al. (2010), P55, and with reference strains from the 
CFBP and LMG collection (Table 6.1). Specific LOPAT tests were performed to discriminate P. 
syringae and P. fluorescens from other Pseudomonads. Oxidase production was tested to 
confirm the presence of cytochrome c as described by Samson et al. (1998), all suspected P. 
syringae isolates and P. syringae references were oxidase negative, in contrast with the 
suspected P. fluorescens isolates, which were indeed oxidase positive. To discriminate our 
isolates from Pseudomonas viridiflava, levan production was tested. All isolates produced 
levan in contrast to LMG 5100, our P. viridiflava reference strain. Production of the 
                                                     
 
1 This chapter is adapted from Rombouts, S., Van Vaerenbergh, J., Volckaert, A. , Baeyen, S., De Langhe, T., 
Declercq, B., Lavigne, R. and Maes, M. (2015). Isolation and Characterization of Pseudomonas syringae pv. porri 
from Leek in Flanders. European Journal of Plant Pathology. 144(1): 185-198 
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hypersensitivity reaction in the non-host Tobacco was also tested. With all the presumed P. 
syringae isolates from leek and with all other reference strains from P. syringae, the infiltrated 
leaf part developed necrosis. Also GBBC 1481 and GBBC 1480, both preliminary classified as 
P. fluorescens, reacted positive in Tobacco. The P. fluorescens reference LMG 1794PT did not 
induce a reaction after inoculation, possibly explained by its non-plant isolation source. To 
conclude, all presumed P. syringae isolates based on their blue-white fluorescence were 
oxidase negative, levan positive and produced a hypersensitive response, thus confirming 
their identity.  
Table 6.1 P. syringae pv. porri isolates from leek and reference strains as classified in this study based on 
rpoD phylogeny and pathogenicity testing. 
Strain 
numbera 
Plant origin Geographical 
origin 
Year of 
isolation 
Identification 
GBBC 715 Allium porrum (leek) Belgium 2001 Pseudomonas syringae pv. porri 
GBBC 722 Allium porrum (leek) Belgium 2001 Pseudomonas syringae pv. porri 
GBBC 728 Allium porrum (leek) Belgium 2002 Pseudomonas syringae pv. porri 
GBBC 747 Allium porrum (leek) Belgium 2002 Pseudomonas syringae pv. porri 
GBBC 1088 Allium porrum (leek) Morocco 2011 Pseudomonas syringae pv. porri 
GBBC 1089 Allium porrum (leek) Morocco 2011 Pseudomonas syringae pv. porri 
GBBC 1090* Allium porrum (leek) Morocco 2011 Pseudomonas syringae pv. porri 
GBBC 1113 Allium porrum (leek) Belgium 2003 Pseudomonas syringae pv. porri 
GBBC 1165 Allium porrum (leek) Belgium 2004 Pseudomonas syringae pv. porri 
GBBC 1166 Allium porrum (leek) Belgium 2004 Pseudomonas syringae pv. porri 
GBBC 1170 Allium porrum (leek) Belgium 2004 Pseudomonas syringae pv. porri 
GBBC 1184 Allium porrum (leek) Belgium 2004 Pseudomonas syringae pv. porri 
GBBC 1255 Allium porrum (leek) Belgium 2005 Pseudomonas syringae pv. porri 
GBBC 1256 Allium porrum (leek) Belgium 2005 Pseudomonas syringae pv. porri 
GBBC 1267 Allium porrum (leek) Belgium 2005 Pseudomonas syringae pv. porri 
GBBC 1269 Allium porrum (leek) Belgium 2005 Pseudomonas syringae pv. porri 
GBBC 1272 Allium porrum (leek) Belgium 2005 Pseudomonas syringae pv. porri 
GBBC 1273 Allium porrum (leek) Belgium 2005 Pseudomonas syringae pv. porri 
GBBC 1277 Allium porrum (leek) Belgium 2006 Pseudomonas syringae pv. porri 
GBBC 1286 Allium porrum (leek) Belgium 2006 Pseudomonas syringae pv. porri 
GBBC 1311 Allium porrum (leek) Belgium 2007 Pseudomonas syringae pv. porri 
GBBC 1424 Allium porrum (leek) Belgium 2012 Pseudomonas syringae pv. porri 
GBBC 1426 Allium porrum (leek) Belgium 2012 Pseudomonas syringae pv. porri 
GBBC 1427 Allium porrum (leek) Belgium 2012 Pseudomonas syringae pv. porri 
GBBC 1428 Allium porrum (leek) Belgium 2012 Pseudomonas syringae pv. porri 
GBBC 1433 Allium porrum (leek) Belgium 2012 Pseudomonas syringae pv. porri 
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Table 6.1 (continued) P. syringae pv. porri isolates from leek and reference strains as classified in this study 
based on rpoD phylogeny and pathogenicity testing. 
Strain 
numbera 
Plant origin Geographical 
origin 
Year of 
isolation 
Identification 
GBBC 1434 Allium porrum (leek) Belgium 2012 Pseudomonas syringae pv. porri 
GBBC 1435 Allium porrum (leek) Belgium 2012 Pseudomonas syringae pv. porri 
GBBC 1438 Allium porrum (leek) Belgium 2012 Pseudomonas syringae pv. porri 
GBBC 1444 Allium porrum (leek) Belgium 2012 Pseudomonas syringae pv. porri 
GBBC 1452 Allium porrum (leek) Belgium 2012 Pseudomonas syringae pv. porri 
GBBC 1459 Allium porrum (leek) Belgium 2013 Pseudomonas syringae pv. porri 
GBBC 1462 Allium porrum (leek) Belgium 2013 Pseudomonas syringae pv. porri 
GBBC 1893 Allium porrum (leek) The Netherlands 2013 Pseudomonas syringae pv. porri 
GBBC 1894 Allium porrum (leek) The Netherlands 2013 Pseudomonas syringae pv. porri 
LMG 28495* Allium porrum (leek) Belgium 2011 Pseudomonas syringae pv. porri 
LMG 28496* Allium porrum (leek) Belgium 2012 Pseudomonas syringae pv. porri 
P55b* soil The Netherlands 2010 Pseudomonas syringae pv. porri 
CFBP 1908PT* Allium porrum (leek) France 1978 Pseudomonas syringae pv. porri 
CFBP 1687* Allium porrum (leek) United Kingdom 1949 Pseudomonas syringae pv. porri 
CFBP 1770 Allium porrum (leek) New Zealand 1973 Pseudomonas syringae pv. porri 
CFBP 3228PT Oryza sativa Japan 1983 Pseudomonas syringae pv. oryzae 
CFBP 1634PT Coffea arrabica Brazil 1958 Pseudomonas syringae pv. garcae 
CFBP 1674PT Avena sativa - 1958 Pseudomonas syringae pv. 
striafaciens 
CFBP 2216T Avena sativa United Kingdom 1958 Pseudomonas syringae pv. 
coronafaciens 
CFBP 4117PT Zizania aquatica United States 1983 Pseudomonas syringae pv. zizaniae 
CFBP 1617PT Beta vulgaris United States 1959 Pseudomonas syringae pv. aptata 
LMG 1247PT Syringa vulgaris United Kingdom 1950 Pseudomonas syringae pv. syringae 
LMG 1794T pre-filter water-works tanks United Kingdom 1951 Pseudomonas fluorescens 
 GBBC 1481 Allium porrum (leek) Belgium 2011 Pseudomonas fluorescens 
 GBBC 1480 Allium porrum (leek) Belgium 2012 Pseudomonas fluorescens 
LMG 5100 Brassica oleracea United States 1964 Pseudomonas viridiflava 
a GBBC: culture collection of plant pathogenic bacteria at ILVO; CFBP: Collection Française de Bactéries Phytopathogènes, 
INRA Angers; LMG: Belgian Coordinated Collections of Microorganisms at the Laboratory of Microbiology of Ghent University 
with T as type strains and PT as pathovar reference strains.   
b received from Van Overbeek et al., 2010. 
* bacterial strains used for phage enrichement in soil samples in order to isolate new phages. 
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All 37 bluish fluorescent isolates displayed agglutination with the antiserum developed against 
P. syringae pv. porri. Likewise, the pathotype strain CFBP 1908PT and strains CFBP 1770, CFBP 
1687 and P55 agglutinated. But in contradiction with the claims of the kit provider, the 
reaction was not specific, other related pathovar reference strains used in this study and the 
pathotype strain of P. syringae pv. syringae (Table 6.1) also showed agglutination There was 
no agglutination with the P. fluorescens isolates GBBC 1480, GBBC 1481 and LMG 1794PT. This 
results demonstrate that slide agglutination is not appropriate for the identification of P. 
syringae pv. porri but it can be used as a fast screening tool to differentiate between P. 
syringae pv. porri and P. fluorescens. 
6.1.2. RpoD, HrpL and HrpS sequence analysis 
To confirm their presumed identity on a species level, all isolates with yellow or blue 
fluorescent colony morphology on PAF were analyzed by rpoD sequencing. BlastN comparison 
with GenBank reference sequences was used to identify genus and species type. The 37 
isolates with weak blue-white fluorescence from leek were identified as Pseudomonas 
syringae and assigned to genomospecies 4 by the rpoD barcode, whereas all the yellow 
fluorescent isolates were not identified as P. syringae. RpoD-based barcoding was also 
completed for strain P55, the three reference strains of P. syringae pv. porri and the related 
pathovars coronafaciens, oryzae, garcae, zizaniae and striafaciens (all belonging to 
genomospecies 4 (Gardan et al. 1999)) and for the reference strains of P. syringae pv. aptata, 
P. syringae pv. syringae and P. fluorescens. All P. syringae pv. porri isolates had the same rpoD 
sequences and were also identical with that of CFBP 1674, the type strain of P. syringae pv. 
striafaciens. The other related pathovars had slightly different sequences. A phylogenetic tree 
was constructed with UPGMA analysis in Bionumerics (Figure 6.1). Nucleotide sequences were 
translated with EMBOSS Sixpack, all P. syringae pathovars of genomospecies 4 investigated in 
this study had the same amino acid sequence within that rpoD fragment.  
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Figure 6.1 Phylogenetic tree produced by UPGMA-analysis with Bionumerics software showing the 
relationship between P. syringae pv. porri isolates and other related P. syringae pathovars based on a partial 
rpoD sequence. Similarity distances are given as percentage values and a cophenetic correlation coefficient was 
calculated with 1,000 bootstrap replicates, values are shown above branches. 
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Because of the inability of the rpoD gene sequence to differentiate between the pathovars 
porri and striafaciens, the two pathogenicity related genes hrpL and hrpS were sequenced for 
all P. syringae strains of this study. When considering the hrpL gene sequence, small 
differences were present between the sequence of P. syringae pv. porri (CFBP 1908PT) and P. 
syringae pvs. striafaciens and zizaniae (CFBP 1674PT and CFBP 4117PT). The other pathovars of 
genomospecies 4 had the same hrpL sequence as P. syringae pv. porri. Sequencing of the hrpS 
gene led to the discovery that only P. syringae pv. porri and P. syringae pv. oryzae (CFBP 
3228PT) had identic sequences, the sequence of the other pathovars differed slightly. These 
results demonstrate that hrpL and hrpS gene sequencing can be used in addition to the rpoD 
gene to differentiate the pathovars of genomospecies 4 on the sequence level. 
6.1.3. Pathogenicity tests on leek 
Pathogenicity was analyzed by inoculating leek plants. Typical symptoms of leaf blight were 
recorded for all presumed P. syringae pv. porri isolates and for the P. syringae pv. porri 
reference strains. The related pathovars, strains CFBP1617 (Pseudomonas syringae pv. 
aptata), CFBP1634 (Pseudomonas syringae pv. garcae), CFBP1674 (Pseudomonas syringae pv. 
striafaciens), CFBP3228 (Pseudomonas syringae pv. oryzae), CFBP4117 (Pseudomonas 
syringae pv. zizaniae) and CFBP2216 (Pseudomonas syringae pv. coronafaciens) as well as the 
P. fluorescens isolates GBBC 1480, GBBC 1481 and LMG 1794 did not induce blight symptoms 
in the leek leaves. The 37 presumed P. syringae pv. porri isolates were able to multiply and 
spread in the leaves and cause the typical symptoms of leek leaf blight beyond the place of 
inoculation. P. syringae pathovars aptata, garcae, striafaciens and oryzae induced a local 
reaction, displaying sunken necrotic lesions at and around the inoculation point. However, 
these strains did not produce any symptom in the leek leaves when infiltrated with the 1/100 
diluted inoculum whereas greasy leaf spots and stripes were readily formed by P. syringae pv. 
porri.  
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6.1.4. Evaluating genomic diversity with BOX-PCR 
BOX-PCR fingerprinting is a tool that can also be used to identify Pseudomonas isolates at the 
genomospecies level (Rademaker & De Bruijn, 1997; Marques et al, 2008) or to study their 
genomic diversity (Louws et al, 1999). Furthermore, it has already been used to determine the 
genetic diversity of Pseudomonas midrib rot isolates from lettuce and demonstrated a single 
inoculum source per greenhouse (Cottyn et al, 2009). To gain further insight into the genomic 
diversity between the P. syringae pv. porri  isolates studied, genomic fingerprints were 
produced for all isolates. The P. syringae pv. porri isolates all showed a considerable degree of 
homogeneity in their BOX-fingerprint (Figure 6.2), but a minor difference divided them into 
two groups. Isolates GBBC 1427, GBBC 1428, GBBC 1438, GBBC 1444 and LMG 28496 all 
display the same small difference discriminating them from the other P. syringae pv. porri 
isolates, indicating that the P. syringae pv. porri isolates do not constitutes of one 
homogenous group. Analyzing the sample information of those isolates revealed a common 
seed origin for four out of five isolates indicating the possibility of seed transmission. The 
related P. syringae pathovars from genomospecies 4 (CFBP 3228, CFBP 1634, CFBP 1674, CFBP 
2216 and CFBP 4117) used in this study, showed a banding pattern very similar to the P. 
syringae pv. porri isolates. 
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Figure 6.2 BOX-PCR patterns of all P. syringae pv. porri isolates and reference strains. The two symbols (* and 
) indicate the two groups observed in BOX-PCR pattern and the arrow gives the position of the discriminative 
band. The QIAxcel® Size Marker 250 bp – 8 kb is added as a reference. 
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6.2. Genome sequence analysis 
From each of the two fingerprint groups, a representative isolate was sequenced and its draft 
genome assembled and deposited in GenBank (WGS project JTHM01 for LMG 28495 and 
JUEU01 for LMG LMG 28496). The higher amount of contigs obtained for LMG 28496 
indicated that its draft genome quality was slightly less good than that of LMG 28495, but 
other metrics were comparable (Table 6.2). After ordering the contigs against the genome of 
P. syringae pv. tomato DC3000 and concatenating them with a linker sequence they were 
compared with the RAST v4.0 tool (Aziz et al, 2008). According to RAST, differences between 
both strains were mostly situated in their prophage content and this result was confirmed 
with PHAST (PHAge Search Tool)(Zhou et al, 2011). The draft genome of LMG 28495 contained 
three intact and two incomplete prophages, while LMG 28496 had six intact and eight 
incomplete prophages throughout the genome. None of those prophage genes related to 
virulence or toxicity. Also other mobile elements such as IS elements varied. Using ISsaga (IS 
Semi-Automatic Genomic Annotation)(Varani et al, 2011), 51 IS elements were identified in 
the draft genome of LMG 28495 of which 29 different ISs, in contrast to 47 different ISs in 
LMG 28496 with a total of 103 ISs. When comparing subsystems in RAST, both strains reveal 
minor differences. LMG 28496, for example, encodes a type III effector translocator, HrpW, 
which is not present in LMG 28495. This HrpW gene is flanked by two mobile elements in 
LMG28496. Both LMG 28496 and LMG 28495 genomes contain HrpZ1 and HrpK1 homologs, 
which are also regarded as type III effector translocators.  
Table 6.2 Draft genome metrics of P. syringae pv. porri strains LMG 28495 and LMG 28496 
 LMG 28495 LMG 28496 
genome size (bp) 6 050 000 6 269 274 
GC% 57.5 57.4 
contigs ≥ 200 bp 181 308 
N50 contig size (bp) 96 630 102 657 
average coverage 94 105 
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6.3. Phylogenetic analysis 
To investigate the position of P. syringae pv. porri within the P. syringae species complex, an 
in silico MLSA was performed using the concatenated sequences of seven genes (gyrB, gapA, 
fruK, pgi, rpoD, acnB, gltA)(Sarkar & Guttman, 2004; Hwang et al, 2005; Baltrus et al, 2011) 
from LMG 28495, LMG 28496 and 19 other P. syringae strains as available from their draft 
genomes in NCBI (Table 6.2). Our two P. syringae pv. porri strains clustered together with P. 
syringae pv. oryzae strain 1_6, which confirmed the internal relatedness shown with the rpoD 
barcode sequence (Figure 6.3). MLSA research has previously been used to divide strains of 
P. syringae pv. actinidiae into four groups based on the same housekeeping genes (Chapman 
et al, 2012). However, the P. syringae pv. porri  strains we analyzed had identic sequences for 
the seven genes indicating that with these seven genes MLSA based grouping cannot be used 
to differentiate between them. As there is a possibility of incongruence between MLSA and 
whole-genome based phylogenies (Baltrus et al, 2013), a phylogenetic tree was constructed 
based on the ANIb values of the same P. syringae genomes (Figure 6.4). Even though ANIb 
values are calculated by comparing complete genomes, they provided the same groups and 
relatedness as produced by MLSA. The calculated average nucleotide identity value of the 
two P. syringae pv. porri isolates LMG 28495 and LMG 28496 was 99,52%.  
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Figure 6.3 Phylogenetic tree of 21 P. syringae strains based on the concatenated sequences of seven conserved 
loci. The scale bar indicates similarity distances given as percentage values and a cophenetic correlation 
coefficient was calculated with 1,000 bootstrap replicates. 
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 P. syringae pv. porri LMG 28495
 P. syringae pv. porri LMG 28496
 P. syringae pv. maculicola ES4326
 P. syringae pv. actinidiae M303091
 P. syringae pv. morsprunorum M302280PT
 P. syringae pv. tomato DC3000
 P. syringae pv. lachrymans M302278PT
 P. syringae pv. tomato T1
 P. fluorescens Pf-0
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Figure 6.4 Phylogenetic tree demonstrating the relatedness of 21 P. syringae strains based on ANIb values of 
their genomes.Strains with an ANIb value of more than 0.95 are colored red, strains with an ANIb value of less 
than 0.95 are colored blue with 0.95 being the value used for species delineation.   
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Table 6.2 Pseudomonas syringae strains used in MLST analysis and their GenBank accession number. 
Pathovar Strain NCBI Accession 
actinidiae MAFF302091 AEAL 
aceris MAFF302273PT AEAO 
aesculi 0893-23 AEAD 
aptata DSM50252 AEAN 
glycinea A29-2 ADWY 
japonica MAFF301072PT AEAH 
lachrymans MAFF301315 AEAF 
lachrymans MAFF302278PT AEAM 
maculicola ES4326 AEAK 
mori MAFF301020 AEAG 
morsprunorum MAFF302280PT AEAE 
oryzae 1_6 GCA_000156995.1 
phaseolicola 1448a GCA_000012205.1 
pisi 1704B AEAI 
syringae B728a GCA_000012245.1 
tabaci ATCC11528 AEAP 
tomato DC3000 GCA_000007805.1 
tomato T1 GCA_000172895.1 
NA Cit7 AEAJ 
 
6.4. Discussion 
The increase of bacterial blight of leek and the related economical losses attracted our 
interest in the problem a few years ago leading to an extensive investigation of the causative 
agent. All 37 blue fluorescent isolates from leek incorporated in this study were identified as 
P. syringae pv. porri. This was supported by their reaction in the selected LOPAT tests and 
their pathogenicity on leek. Evidence for their classification within P. syringae was further 
based on the rpoD barcode sequence and on comparison of the genomes of two of our 
isolates with available Pseudomonas sequences in NCBI with MLSA and ANIb. These 
taxonomic methods enable a robust demarcation of bacterial species (Marcelletti & 
Scortichini, 2014). Remarkably, within this complex P. syringae species MLSA and ANIb 
displayed enough resolution power to show groupings at a sub-species level, and clearly 
clustered our two P. syringae pv. porri isolates with P. syringae pv. oryzae. In general, both 
methods divided the P. syringae strains in the same groups and the obtained groups were 
consistent with the clustering based on the rpoD barcode sequence alone as presented 
Parkinson et al. in 2011. The fact that P. syringae pv. porri clusters together with the rice 
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pathogen P. syringae pv. oryzae is maybe not completely irrelevant since both are pathovars 
of a monocot plant.  
The Pseudomonas syringae species complex to which this pathovar belongs consists of 57 
different pathovars, many of them being plant pathogens infecting a wide range of hosts 
(Marcelletti & Scortichini, 2014). Core genome analysis revealed that P. syringae is a highly 
clonal and stable species that is endemic within plant populations (Sarkar & Guttman, 2004). 
Genetic variations outside the core genome, especially variations in type III effector 
repertoires, are responsible for the variation in plant hosts of the different pathovars (Baltrus 
et al, 2011). Within the pathovars small genomic variation is present that can be used to 
determine the origin of an epidemic, the spread of clonal lineages, the impact and 
effectiveness of  control measures and the suitability of current pathogen detection 
protocols(Hallin et al, 2012). In a related pathovar, P. syringae pv. actinidiae, differences in 
integrative conjugative elements (ICE) were noted between strains isolated from different 
geographic areas (Butler et al, 2013) but strains of the current outbreak had all the same Rep-
PCR profiles (Ferrante et al, 2015). Because of the small geographic area covered by the 
strains of our study, one would expect them to form a homogenous group. In contrast, two 
genomic groups could be discriminated in the P. syringae pv. porri strain set of this study 
based on BOX-PCR profiling. The smallest group only contained five of the 37 isolates. These 
five were isolated in 2012 from three different leek fields in Flanders and from three different 
cultivars. Four of these isolates were obtained from plants produced from seeds that were 
retrieved from the same seed company, indicating the possibility they had been introduced 
through infected seeds. Earlier research already suggested spread of P. syringae pv. porri with 
contaminated seeds (Noble et al, 2006; Koike et al, 1999). All reference strains, some of them 
used in previous studies, are situated in the large BOX profile group suggesting that the five 
isolates from the small BOX group in 2012 constitute a new genotype. Genomic differences 
among P. syringae pv. porri strains were also described by Noble et al. (2006), who showed 
minor differences based on profiles generated with IS50-primer amplification and RFLP of a 
16S rDNA fragment. In contrast to our data, these authors as well as Koike et al. (1999) and 
van Overbeek et al. (2010) did not discriminate different genotypes among their isolates from 
California, Australia and the Netherlands when applying different repetitive-element-PCRs 
(BOX, REP and ERIC).  
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Further analysis of the genomes of two representatives of both genotypes, LMG 28495 and 
LMG 28496, showed high similarity between both, but some differences could be observed. 
Mobile elements such as prophages and IS elements were significantly more present in LMG 
28496 than in LMG 28495. These mobile elements are known to be involved in genome 
rearrangements and strain differentiation in other plant pathogens such as Xanthomonas and 
Xylella (Varani et al, 2013). In addition, an HrpW gene bordered by mobile elements was 
detected in LMG 28496 and absent in LMG 28495. HrpW has been identified as a type III 
effector translocation protein in P. syringae pv. tomato DC3000 (Jin et al, 2001) and P. cichorii 
(Kajihara et al, 2012) and is associated with virulence and host range (O’Brien et al, 2011). In 
P. syringae pv. tomato DC3000, three other harpins are present: HrpZ1, HrpK1 and HopAK1, 
forming a consortium of semireduntant translocaters (Collmer et al, 2000; Kvitko et al, 2007). 
Both LMG 28495 and LMG 28496 contain HrpZ1 and HrpK1 homologs. Based on the leek 
inoculation tests that were performed we did not observe differences in pathogenicity 
between LMG 28495 and LMG 28496, which leaves uncertainty on the consequences for 
virulence or host range of the acquisition of HrpW by LMG 28496. Anyway, LMG 28496 
belongs to the 5 isolates constituting the small BOX-group and appears to have been 
submitted to several events of lateral gene transfer.  
The data presented here confirms P. syringae pv. porri as the causal agent of leek bacterial 
blight, and seed as a possible pathway for spread. We also identified a genetically different P. 
syringae pv. porri type from the Flemish leek production fields of 2012. The genome analysis 
suggests that lateral gene transfer in this type could have been responsible for the acquisition 
of a gene associated with pathogenicity. The consequences for the fitness, virulence, host 
range and further spread of this bacterial type are difficult to predict, but the BOX-PCR and 
based on it a type-specific PCR that could be developed are appropriate tools to monitor its 
occurrence and further evolution. 
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Chapter 7. Isolation and characterization of novel 
phages against Pseudomonas syringae pv. porri2 
7.1. Phage isolation and TEM 
Phages were isolated from soil samples taken in 2011 and 2012 from the same fields from 
which P. syringae pv. porri isolates were obtained. After enrichment of the phages present in 
the soil, their capacity to lyse P. syringae pv. porri strain CFBP 1687 was tested. Based on their 
differential DNA restriction pattern (data not shown) phages were selected for further 
analysis. Using this method, five novel phages were discovered for P. syringae pv. porri and 
the phages were named KIL1, KIL2, KIL3, KIL4 and KIL5 (referring to the involved research 
institutes KU Leuven and ILVO) with scientific names vB_PsyM_KIL1 etc. as proposed by 
Kropinski et al. (2009). The host strains used for amplification and characterization of each of 
these phages are indicated in Table 7.1. 
Table 7.1: Bacterial host of the new bacteriophages and phage genome characteristics determined by 
bioinformatic analysis. 
Phage 
name 
GenBank 
accession 
number 
Bacterial 
host 
genome 
length 
(bp) 
GC 
content 
(%) 
# ORFs # tRNAs 
Factor 
independent 
terminators 
bacterial 
promoters 
KIL1 KU130126 CFBP 1687 90695 44.86 159 5 18 57 
KIL2 KU130127 CFBP 1687 92466 44.79 163 9 17 59 
KIL3 KU130128 CFBP 1687 92089 44.74 161 5 17 61 
KIL4 
KU130129 LMG 
28496 92825 44.89 167 9 18 60 
KIL5 
KU130130 LMG 
28496 93384 44.97 169 9 18 59 
KIL3b KU130131 CFBP 1687 92099 44.72 161 5 17 61 
                                                     
 
2 This chapter is adapted from Rombouts, S., Volckaert, A., Venneman, S., Declercq, B., Vandenheuvel, D., 
Allonsius, C.N., Van Malderghem, C., Jang, H.B., Briers, Y., Noben, J.P., Klumpp, J., Van Vaerenbergh, J., Maes, 
M. and Lavigne, R. (2016). Characterization of novel bacteriophages for biocontrol of bacterial blight in leek 
caused by Pseudomonas syringae pv. porri. Frontiers in Microbiology. doi: 10.3389/fmicb.2016.00279 
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Transmission electron microscopy images of a phage representative revealed that they 
belong to the Myoviridae family with morphological similarity to the Pseudomonas phage PB1 
(genus Pbunalikevirus), as shown for phage KIL1 in Figure 7.1. The other analyzed phages have 
an identical morphology. 
 
 
Figure 7.1: TEM picture of phage KIL1. Phage negatively stained with 2% uranyl acetate. (Picture courtesy of J. 
Klumpp) 
7.2. Host range analysis 
To investigate the specificity of the phages, a host range analysis was performed (Table 7.2), 
using standard serial dilution spotting assays to distinguish infection from lysis from without 
phenomena, as described previously (Adriaenssens et al, 2012b). Some of the bacterial 
isolates could not be infected by our five phage isolates from soil, therefore the host-range 
mutant phage KIL3b was developed. The results indicate that the bacterial strains can be 
divided in three groups. One group consists of five field isolates from the year 2012 and was 
only infected by phages KIL4 and KIL5. A second group of strains was infected by all the 
investigated phages and a third group of strains only showed lysis after 48h and by a limited 
number of phages. None of the pathovars related to P. syringae pv. porri was infected by the 
phages demonstrating their specificity for pathovar porri. However, P. syringae pv. garcae 
(CFBP 1634) showed ‘lysis from without’ at phage concentrations of 106 pfu/ml. In addition, 
none of the phages infected all P. syringae pv. porri strains tested but the combined host 
range of the phages covers all 41 isolates tested. A previous BOX-PCR analysis on DNA of all 
the bacterial strains used in the host range analysis provided information about their genomic 
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diversity and identified two groups within P. syringae pv. porri (Rombouts et al, 2016). These 
two groups were confirmed by phage profiling, suggesting that differences in the bacterial 
genome are responsible for the observed host range. Based on their host range, KIL3 and KIL5 
were selected for further characterization. 
Table 7.2: P. syringae pv. porri strains and related P. syringae pathovars with their phage sensitivity and BOX-
PCR profiles. The two symbols (• and ×) indicate two BOX-PCR pattern groups. The arrow gives the position of 
the discriminative band. Light & dark green: lysis after 24h & 48h, respectively and yellow: lysis from without. 
Bacterial 
straina 
Plant origin originb yearc Identification 
KIL 
1 
KIL 
2 
KIL 
3 
KIL 
4 
KIL 
5 
KIL 
3b 
BOX-PCR 
•GBBC 1427 Allium porrum BE 2012 P.s. pv. porri - - - + + -  
•GBBC 1428 Allium porrum BE 2012 P.s. pv. porri - - - + + - 
•GBBC 1438 Allium porrum BE 2012 P.s. pv. porri - - - + + - 
•GBBC 1444 Allium porrum BE 2012 P.s. pv. porri - - - + + - 
•LMG 28496 Allium porrum BE 2012 P.s. pv. porri - - - + + - 
×GBBC 715 Allium porrum BE 2001 P.s. pv. porri + + + + + + 
×GBBC 722 Allium porrum BE 2001 P.s. pv. porri + + + + + + 
×GBBC 728 Allium porrum BE 2002 P.s. pv. porri + + + + + + 
×GBBC 747 Allium porrum BE 2002 P.s. pv. porri + + + + + + 
×GBBC 1088 Allium porrum MA 2011 P.s. pv. porri + + + + + + 
×GBBC 1089 Allium porrum MA 2011 P.s. pv. porri + + + + + + 
×GBBC 1090 Allium porrum MA 2011 P.s. pv. porri - - - - - + 
×GBBC 1113 Allium porrum BE 2003 P.s. pv. porri + + + + + + 
×GBBC 1165 Allium porrum BE 2004 P.s. pv. porri + + + + + + 
×GBBC 1166 Allium porrum BE 2004 P.s. pv. porri + + + + + + 
×GBBC 1170 Allium porrum BE 2004 P.s. pv. porri + + + + + + 
×GBBC 1184 Allium porrum BE 2004 P.s. pv. porri + + + + + + 
×GBBC 1255 Allium porrum BE 2005 P.s. pv. porri + + + + + + 
×GBBC 1256 Allium porrum BE 2005 P.s. pv. porri - - - - - + 
×GBBC 1267 Allium porrum BE 2005 P.s. pv. porri + + + + + + 
×GBBC 1269 Allium porrum BE 2005 P.s. pv. porri - - - - + + 
×GBBC 1272 Allium porrum BE 2005 P.s. pv. porri + + + + + + 
×GBBC 1273 Allium porrum BE 2005 P.s. pv. porri + + + + + + 
×GBBC 1277 Allium porrum BE 2006 P.s. pv. porri + - - - - + 
×GBBC 1286 Allium porrum BE 2006 P.s. pv. porri + + + + + + 
×GBBC 1311 Allium porrum BE 2007 P.s. pv. porri + + + + + + 
×GBBC 1424 Allium porrum BE 2012 P.s. pv. porri + + + + + + 
×GBBC 1426 Allium porrum BE 2012 P.s. pv. porri + + + + + + 
×GBBC 1433 Allium porrum BE 2012 P.s. pv. porri + + + + + + 
×GBBC 1434 Allium porrum BE 2012 P.s. pv. porri + + + + + + 
×GBBC 1435 Allium porrum BE 2012 P.s. pv. porri + + + + + + 
×GBBC 1452 Allium porrum BE 2012 P.s. pv. porri + + + + + + 
×GBBC 1459 Allium porrum BE 2013 P.s. pv. porri + + + + + + 
×GBBC 1462 Allium porrum BE 2013 P.s. pv. porri + + + + + + 
×GBBC 1893 Allium porrum NL 2013 P.s. pv. porri + + + + + + 
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Table 7.2 (continued): P. syringae pv. porri strains and related P. syringae pathovars with their phage 
sensitivity and BOX-PCR profiles.  
Bacterial 
straina 
Plant origin originb yearc Identification KIL 
1 
KIL 
2 
KIL 
3 
KIL 
4 
KIL 
5 
KIL 
3b 
BOX-PCR 
×GBBC 1894 Allium porrum NL 2013 P.s. pv. porri + + + + + +  
×LMG 28495 Allium porrum BE 2011 P.s. pv. porri + + + + + +  
×P55d soil of leek field NL 2010 P.s. pv. porri + - - - - +  
×CFBP 1908PT Allium porrum FR 1978 P.s. pv. porri + + + + + +  
×CFBP 1687 Allium porrum GB 1949 P.s. pv. porri + + + + + +  
×CFBP 1770 Allium porrum NZ 1973 P.s. pv. porri + + + + + +  
  CFBP 3228PT Oryza sativa JP 1983 P.s. pv. oryzae - - - - - -  
  CFBP 1634PT Coffea arabica BR 1958 P.s. pv. garcae - - + - - +  
  CFBP 1674PT Avena sativa - 1958 P.s. pv. striafaciens - - - - - -  
  CFBP 2216T Avena sativa GB 1958 P.s. pv. coronafaciens - - - - - -  
  CFBP 4117PT Zizania aquatica US 1983 P.s. pv. zizaniae - - - - - -  
a GBBC: culture collection of plant pathogenic bacteria at ILVO; CFBP: Collection Française de Bactéries Phytopathogènes, 
INRA Angers; LMG: Belgian Coordinated Collections of Microorganisms at the Laboratory of Microbiology of Ghent University 
with T as type strains and PT as pathovar reference strains. b Geographical origin. c Year of isolation. d received from Van 
Overbeek et al., 2010. 
 
7.3. General characteristics of phages KIL3 and KIL5 
To assess the infection parameters, adsorption experiments were performed for phage KIL3. 
On average, 84% of phages were irreversibly adsorbed to the host cell after 1 min and 99% 
after 6 min with an adsorption constant k [k=(2.3/(B*t))*log(P0/P), with B the bacterial titer 
at time zero, P the phage titer and t the time] at 1 min of 7.52x10-9 ml/min. Compared to 
other Myoviridae phages, this is slower than reported for phage T4 (2.4x10-9 ml/min) but 
comparable to the adsorption constants of phages LIMEstone1 (9.53x10-9 ml/min) and 
LIMEstone2 (2.05x10-8 ml/min) infecting Dickeya (Kasman et al, 2002; Adriaenssens et al, 
2012b). The adsorption experiments were not completed for phage KIL5. 
Killing curves generated by infecting exponentially growing cultures of P. syringae pv. porri 
CFBP 1687 and LMG 28496 with phages KIL3 and KIL5, respectively, at different MOI 
demonstrated their virulence (Figure 7.2). Optical density of the bacterial cultures at 600 nm 
decreased after 80 and 100 minutes for phage KIL3 and KIL5, respectively. KIL5 showed a later 
but steeper decline reaching OD600 <0. 1 after 180 min instead of 220 min for KIL3. No rise in 
OD600 appeared within the five hours of monitoring meaning that resistance development 
could not yet be detected. 
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Figure 7.2: Killing curves of phages KIL3 and KIL5, representing the two phage clades, demonstrating the 
decrease of OD600nm over time at different MOI’s. The average OD600nm of three independent repeats is 
represented with error bars displaying the standard deviation. Experiments were performed in LBrs at 26°C with 
CFBP 1687 as host for KIL3 and LMG 28496 as host for KIL5. 
The influence of temperature and pH on the viability was tested. As shown for KIL3 and KIL5 
(representatives of the two phage clades in the cocktail), the phages were stable between 4°C 
and 37°C in phage buffer for 24 hours, but after 24 hours of incubation at 50°C, a two and one 
log10 unit decrease was noted for phage KIL3 and KIL5, respectively. After freezing, all viable 
KIL3 phages were lost, while the titer of KIL5 decreased by three log10 units (Figure 7.3). 
Phages were stable from pH 4 to pH 12 for 24 hours (Figure 7.4). 
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An analysis of the optimal infection temperature revealed that none of the phages are able 
to infect their host when grown at temperatures of 30°C. Phages KIL1, KIL2, KIL3, KIL4 and 
KIL5 were able to infect at temperatures of 26°C and room temperature (+/-21°C), and KIL3b 
only infected at room temperature.  
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Figure 7.3 Stability of phages KIL3 and KIL5 after 1 and 24 hours at different temperatures, presented as the 
percentage of viable phages. Phages were suspended in phage buffer. Error bars indicate standard deviation 
calculated on three repeats.  
Figure 7.4: Stability of phages KIL3 and KIL5 after 1 and 24 hours at different pH, presented as the percentage 
of viable phages. Phages were suspended in phage buffer with adjusted pH and incubated at 4°C. Error bars 
indicate standard deviation calculated on three repeats. 
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For two phage-host interactions, frequency of bacterial resistance development was 
determined. An exponentially growing culture of strain CFBP 1687 was infected with KIL3 at 
MOI 1 and after 72 h incubation, phage-resistant bacteria appeared on plate. To exclude the 
possibility of contamination, the identity of 12 colonies was verified with PCR-analysis using 
specific primers, confirming their identity as P. syringae pv. porri. This resulted in a resistance 
frequency of 1.83x10-6. A host screen with those resistant bacterial derivatives revealed that 
five of them were resistant to the six phages, a phenomenon called cross-resistance. The 
other isolates could still be infected by the host-range mutant phage KIL3b. By accident, the 
same experiment was performed with phage KIL4 instead of KIL5. After 72 h incubation, 
resistant colonies appeared and PCR-analysis was used to confirm the identity of 12 of them, 
resulting in a calculated resistance frequency of 3.33x10-6. Again, cross-resistance was 
observed for part of the strains (four out of 12), the other resistant strains were still infected 
by KIL3b. Because of the similarity between KIL4 and KIL5 in host range and on the genome 
level, results are expected to be similar for KIL5. 
A spot test with supernatant from an overnight culture of those resistant isolates on strains 
CFBP 1687 and LMG 28496 suggested there was no induction of lysogens under the conditions 
tested. In general, as all phages produced clear plaques there was no indication for lysogeny. 
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7.4. Genome and proteome analysis 
7.4.1. Genome analysis of all KIL-like phages 
The genomes of all six phages were sequenced using the Illumina MiSeq platform and single 
contigs were obtained with an average coverage of more than 3.000. Information about the 
genome characteristics of the phages is summarized in Table 7.1. 
Open reading frames (ORFs) were identified and similarity at the protein level was verified by 
Blastp analysis. In addition, a putative function could be assigned to some ORFs without 
homologues using PHYRE2. All tRNAs were found in the same region spanning 2.7 kb in front 
of the large terminase subunit, a part of the packaging machinery (Figure 7.5). This is 
consistent with the genome organization of the related PAK_P1-like phages (Henry et al, 
2015; Debarbieux et al, 2010). When comparing the tRNAs present in the six genomes, phages 
KIL1, KIL3 and KIL3b encode the same five tRNAs. KIL2, KIL4 and KIL5 also have these five 
tRNAs in their genomes, supplemented with four additional tRNAs. Depending on the phage, 
seventeen or eighteen factor-independent terminators were retained after manual 
verification and were located across the entire genome. Probable promoter sequences were 
identified by scanning for conserved motifs in the 100 bp upstream region of every ORF. Using 
MEME, a motif resembling a typical E. coli bacterial promoter sequence (TTGACA-N17-18-
TATAAT) was found in all phages. As in the most closely related P. syringae phage PhiPsa374, 
the 41 bp conserved motif surrounding the bacterial promotor sequences in PAK_P1-like 
viruses was not encountered thereby confirming its specificity for P. aeruginosa phages 
(Henry et al, 2015). No toxin genes, virulence genes or genes related to lysogeny were 
discovered in the phage genomes, indicating their suitability for phage therapy. 
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Figure 7.5: Representation of the genome organization of the six KIL-like phages and homology (blastn) 
between them. The predicted ORFs are indicated by hollow arrows and putative functions are designated. 
Arrows pointing forward represent ORFs on the forward strand, arrows pointing backward represent ORFs on 
the reverse strand. Factor-independent terminators are indicated with stem-loop structures and are placed 
upside down when located on the reverse strand. Identity (blastn) with the neighboring genome is indicated in 
grayscale and ranges from 94% to 100%. Figure made with EasyFig (Sullivan et al, 2011). 
 
A remarkable feature of all KIL-like phages is the presence of a homopolymeric G-stretch of 
variable length at one or two locations in the genome (Table 7.3). Illumina reads at those 
positions contain 6-13 Gs. Both stretches are found in intergenic regions, yet not clearly 
associated to known promoter elements. A similar feature was reported previously in PB1-
like phages, in a sequence coding for a baseplate protein and in the ORF coding for a DNA 
adenine methylase in Bordetella phages BPP-1, BIP-1 and BMP-1 (Ceyssens et al, 2009b; Liu 
et al, 2004). It was proposed that the resulting frameshift serves as a control point for 
expression levels of the protein. Another remarkable region in the KIL-like phage genomes is 
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a long A-stretch varying from 14-33 nucleic acids in length. In the most related phage 
phiPsa374 those homopolymeric stretches are not present. A phylogenetic analysis of the six 
phages based on their genome sequences confirms the subdivision of the phages into two 
groups, correlated to their host range. The first group constitutes of phage KIL1, KIL2, KIL3 
and KIL3b, the second group contains phages KIL4 and KIL5. Between the groups, some 
differences in the ORFs are predicted, mostly among unknown genes. The difference between 
the genomes of phage KIL3 and KIL3b, which is a host range mutant of the former, is limited 
to the number of repeats located in the homopolymeric A- and G-stretches. No clear 
biological function could be attributed to this phenomenon. 
Table 7.3: Homopolymeric stretches found in intergenic regions of the genomes of the six KIL-like phages. The 
neighboring sequences of the homopolymeric stretches are shown on top of the column with per phage the 
number of repeats. 
 
 GGCGGC –G-stretch- 
TCAATT 
TTGATT –G-stretch- 
TGTTAT 
TGAGCT – A-stretch- 
GTGTTG 
GGTAGA – C-stretch- 
ATAGGC 
KIL1 6 G’s 13 G’s 14 A’s / 
KIL2 6 G’s / 14 A’s / 
KIL3 6 G’s 13 G’s 14 A’s / 
KIL4 13 G’s 11 G’s 24 A’s 13 C’s 
KIL5 13 G’s 11 G’s 24 A’s 13 C’s 
KIL3b 13 G’s 13 G’s 33 A’s / 
 
7.4.2. The phylogenetic and proteome-based relationships  
To further frame these phages in their comparative genomic context, phylogenetic trees were 
constructed based on the concatenated datasets of two structural genes encoding the major 
capsid protein and the baseplate protein. These two proteins are shared among the genomes 
of four clades: the FelixO1-like viruses, PAK_P1-like viruses, and KPP10-like viruses within the 
Felixounalikevirus genus and the rV5-like viruses, as well as phages CR3, ICP1, and our six 
phage isolates. Each protein was assigned to “Family:virus:314” and “Family:virus:3622” by 
ACLAME-based clustering. Phylogenetic analysis revealed the four clades comprising the 
KPP10-, PAK_P1-, FelixO1, and rV5-like phages, respectively (Left, Figure 7.6). Most clades 
branch deeply and are well supported with bootstrap support values of more than 90%. 
Within the Felixounalikevirus genus, the Pseudomonas phages KIL1, KIL2, KIL3, KIL4, KIL5, and 
KIL3b are grouped into a distinct clade, together with a Pseudomonas phage phiPsa374.  
Isolation and characterization of novel phages against P. syringae pv. porri 
121 
 
To investigate the genome relatedness based on the proportion of conserved homologous 
proteins between two phages, we performed pairwise comparisons of the 32 phage genomes, 
which allowed us to assign 5,622 protein sequences to 1,322 homologous protein families. A 
cut-off value of 40% of homologous proteins was used to assign phage genomes to a putative 
genus (Lavigne et al., 2009; Lavigne, et al., 2008). The pattern of proteome-based grouping 
was highly similar to our phylogenetic results, in which KIL1, KIL2, KIL3, KIL4, KILP5, KIL3b, and 
phiPsa374 form a conserved group with ≥50% homologous proteins in common to each 
other’s genome (Right, Figure 7.6). These seven phages are also related to three groups of the 
Felixounalikevirus phages, sharing more than 20% of their homologous proteins, with the 
PAK_P1-like phages being the closest relatives (average 34% shared proteins). Notably, of 
these, phiPsa374 shared the highest overlap percentages of the proteomic content (≥40%) 
with the PAK_P1-like phages.  
 
Figure 7.6: Phylogenetic and proteome-based relationships of phages KIL1, KIL2, KIL3, KIL4, KIL5, and KIL3b. 
Left, maximum-likelihood tree was constructed upon a concatenation of two structural proteins (major capsid 
protein and baseplate protein) that are common to the 32 phages. The numbers at the branch represent the 
bootstrap values. Edges with bootstrap values above 75% are represented. The scale bar indicates the number 
of substitution per site. Right, in the matrix view, the columns and rows correspond to the phages. Each cell 
indicates the percentage of shared protein families between two phages. Color tags are used to visualize the 
genomic relatedness based on the proportion of shared protein families. 
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7.4.3. Proteome analysis of phages KIL3 and KIL5 using ESI-MS/MS 
Analysis of the proteome of phages KIL3 and KIL5 (representatives of the two clades) by ESI-
MS/MS led to the identification of 51 and 67 proteins, respectively (Table 7.4). For KIL3 and 
KIL5, respectively 27 proteins and 26 had a predicted function based on homology to other 
phage proteins. Proteins were identified based on the match of unique peptides with a local 
database containing all possible phage proteins based on the genome sequence of KIL3 or 
KIL5. A unique peptide is defined as a peptide that exists only in one protein of a proteome of 
interest and acts therefore as a protein tag in protein identification (Zhao & Lin, 2010). In both 
phages, most of the detected proteins are early phage proteins or structural phage proteins. 
The use of non CsCl-purified phages might explain the presence of the non-structural phage 
proteins since they can remain in the phage lysate after bacterial lysis. Alternately, these 
proteins may be considered as candidate proteins which may be co-injected during infection. 
The most abundant proteins based on the protein coverage are ORF 46 (no predicted 
function), ORF 48 (no predicted function) and the major capsid protein in phage KIL3. 
Similarly, the most abundant proteins of phage KIL5 are ORF 92 (no predicted function), a 
putative capsid protein (ORF 50) and the tail fiber protein (ORF 76). As was seen by Henry et 
al. (2015) for the related phage PAK_P3, the ORF upstream of the capsid protein had the 
second highest relative abundance (total number of spectra / Molecular Weight) next to the 
capsid protein itself, and this in both phages. Although the function of this protein could not 
be predicted, an association with the capsid protein is suspected. The differences in the 
number of proteins identified for the two phages could be explained by a difference in protein 
concentration as the number of peptides recovered for proteins of KIL5 were in general higher 
than those for KIL3. The identification of these peptides by mass spectrometry confirms the 
in silico ORF predictions. One structural protein, a tail lysozyme (ORF 70), could not be 
detected in KIL3; however, the corresponding protein in KIL5 (ORF 71) was identified. All other 
predicted structural proteins could be experimentally confirmed by mass spectrometry. 
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Table 7.4: Characteristics of the ESI-MS/MS identified proteins of phages KIL3 and KIL5 
ORF Putative protein 
function 
Protein 
size 
(kDa) 
Unique 
peptidesa 
Protein 
coverageb 
ORF Putative protein 
function 
Protein 
size 
(kDa) 
Unique 
peptidesa 
Protein 
coverageb 
3 Hypothetical protein 16.21 
1 8.8% 
3 Hypothetical protein 13.35 
2 19.0% 
18 Putative DNA-binding 
protein 
25.82 
3 17.0% 
20 Hypothetical protein 25.82 
5 25.6% 
21 Putative DNA ligase 46.25 
12 37.1% 
21 Hypothetical protein 25.51 
5 28.0% 
30 Putative phage 
antirepressor protein 
29.64 
6 29.7% 
23 Putative DNA ligase 46.18 
20 66.0% 
31 Putative serine protease 23.21 
6 48.3% 
29 Hypothetical protein 14.79 
1 9.7% 
32 Putative phosphate 
starvation inducible 
protein, PhoH 
28.29 
9 53.3% 
30 Putative phage 
antirepressor protein 
29.64 
12 62.7% 
37 Hypothetical protein 12.17 
1 11.8% 
31 Hypothetical protein 23.21 
7 51.2% 
42 Hypothetical protein 30.58 
2 10.1% 
32 Putative phosphate 
starvation inducible 
protein, PhoH 
28.29 
10 56.4% 
44 Putative terminase large 
subunit 
51.97 
9 23.5% 
33 Hypothetical protein 13.77 
1 13.6% 
45 Hypothetical protein 21.91 
1 6.0% 
34 Hypothetical protein 21.25 
4 38.3% 
46 Hypothetical protein 54.78 
24 68.9% 
38 Hypothetical protein 12.17 
4 49.7% 
47 Putative 
methyltransferase 
17.10 
1 12.2% 
42 Hypothetical protein 30.62 
4 26.6% 
48 Hypothetical protein 35.57 
9 38.7% 
44 Putative terminase large 
subunit 
52.22 
11 31.6% 
49 Hypothetical protein 14.57 
5 67.2% 
46 Hypothetical protein 54.76 
26 72.7% 
50 Putative major capsid 
protein 
39.84 
16 62.4% 
47 Putative phage protease 
XkdF 
18.45 
6 48.3% 
51 Hypothetical protein 22.60 
3 23.9% 
48 Hypothetical protein 35.59 
12 56.9% 
53 Hypothetical protein 13.97 
5 53.6% 
49 Putative structural 
protein 
14.57 
6 78.5% 
54 Hypothetical protein 28.64 
4 16.1% 
50 Putative capsid protein 39.87 
23 85.8% 
55 Hypothetical protein 23.06 
6 42.9% 
51 Hypothetical protein 22.60 
4 27.7% 
57 Putative structural 
protein 
45.76 
14 51.2% 
53 Hypothetical protein 13.97 
3 37.0% 
59 Hypothetical protein 19.92 
2 13.3% 
54 Hypothetical protein 22.26 
5 37.6% 
61 Hypothetical protein 19.14 
1 8.6% 
56 Putative structural 
protein 
45.76 
14 52.9% 
64 Hypothetical protein 11.10 
2 20.8% 
60 Putative structural 
protein 
18.81 
3 35.7% 
65 Putative tape measure 
protein 
87.69 
24 38.0% 
61 Hypothetical protein 22.93 
1 11.0% 
66 Hypothetical protein 29.54 
5 21.6% 
62 Hypothetical protein 19.15 
2 13.8% 
57 Hypothetical protein 13.62 
1 10.5% 
64 Hypothetical protein 13.01 
2 33.8% 
68 Putative tail protein 35.11 
7 33.8% 
65 Hypothetical protein 11.09 
3 47.6% 
69 Putative baseplate 
protein 
27.97 
5 26.4% 
66 Putative tape measure 
protein 
85.30 
16 25.3% 
71 Putative baseplate 
protein 
53.46 
11 41.4% 
67 Hypothetical protein 29.86 
6 26.2% 
72 Hypothetical protein 26.79 
4 27.5% 
68 Hypothetical protein 13.62 
1 10.5% 
73 Tail fiber protein 72.00 
14 40.5% 
69 Hypothetical protein 35.11 
9 41.1% 
75 Tail fiber protein 51.18 
13 46.2% 
70 Putative baseplate 
protein 
27.98 
4 21.2% 
76 Endolysin 20.84 
2 19.5% 
71 Putative tail lysozyme 16.41 
6 51.6% 
83 Putative RNA ligase 43.55 
4 12.4% 
72 Putative baseplate 
protein 
53.43 
10 38.5% 
91 Hypothetical protein 24.42 
6 38.7% 
73 Hypothetical protein 26.79 
8 47.6% 
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Table 7.4 (continued): Characteristics of the ESI-MS/MS identified proteins of phages KIL3 and KIL5 
ORF Putative protein 
function 
Protein 
size 
(kDa) 
Unique 
peptides 
Protein 
coveragea 
ORF Putative protein 
function 
Protein 
size 
(kDa) 
Unique 
peptides 
Protein 
coveragea 
97 Putative DNA primase 106.89 
16 20.9% 
74 Putative tail fiber protein 72.03 
11 31.0% 
99 Putative DNA polymerase 124.51 
15 17.4% 
75 Hypothetical protein 16.04 
2 17.8% 
102 Hypothetical protein 15.96 
3 34.5% 
76 Tail fiber protein 51.17 
20 82.1% 
103 Hypothetical protein 35.78 
4 12.0% 
77 Endolysin 20.84 
7 50.7% 
108 Putative restriction 
endonuclease 
24.92 
5 33.1% 
79 Hypothetical protein 15.53 
2 20.5% 
109 Putative 
exodeoxyribonuclease 
39.26 
3 9.8% 
80 Hypothetical protein 17.65 
1 8.7% 
110 Hypothetical protein 23.02 
4 21.5% 
82 Hypothetical protein 13.02 
3 34.6% 
111 Putative exonuclease 36.24 
4 17.6% 
84 Putative RNA ligase 43.55 
11 41.4% 
112 Hypothetical protein 13.92 
1 11.1% 
90 Hypothetical protein 14.14 
2 23.3% 
116 Hypothetical protein 22.07 
2 12.0% 
92 Hypothetical protein 24.45 
12 87.3% 
118 Putative HNH 
endonuclease 
18.12 
2 12.1% 
98 Putative DNA 
primase/helicase 
106.77 
19 27.6% 
119 Hypothetical protein 13.50 
1 9.0% 
99 Putative DNA polymerase 126.41 
14 16.1% 
120 Putative ribonucleotide-
diphosphate beta subunit 
16.65 
1 10.6% 
102 Hypothetical protein 15.95 
2 29.0% 
121 Putative ribonucleotide-
diphosphate alfa chain 
65.20 
10 23.3% 
103 Hypothetical protein 35.66 
12 51.2% 
122 Putative DNA adenine 
methyltransferase 
30.55 
3 14.0% 
108 Putative 
exodeoxyribonuclease 
41.82 
4 11.1% 
130 Putative pyrophosphatase 15.72 
1 9.8% 
110 Putative HNH 
endonuclease 
22.80 
4 20.3%     
 113 Putative metallo-
dependent phosphatase 
28.73 
6 36.4%     
 115 Hypothetical protein 13.92 
2 30.0%     
 119 Hypothetical protein 22.05 
3 19.0%     
 120 Putative thymidylate 
synthase 
39.22 
2 8.7%     
 121 Hypothetical protein 18.12 
3 16.4%     
 122 Hypothetical protein 13.26 
1 14.9%     
 123 Putative ribonucleotide-
diphosphate beta subunit 
25.08 
1 4.8%     
 124 Putative ribonucleotide-
diphosphate alpha 
subunit 
65.20 
8 16.7%     
 125 Putative DNA adenine 
methyltransferase 
30.55 
4 19.1%    
 133 Hypothetical protein 15.69 
4 41.4%    
 136 Hypothetical protein 16.26 
2 29.1%    
 137 Hypothetical protein 32.55 
3 10.8%    
 139 Hypothetical protein 38.46 
4 13.4%    
 141 Hypothetical protein 18.74 
1 12.3%    
 145 Hypothetical protein 9.04 
1 18.3%    
 150 Hypothetical protein 49.53 3 9.8% 
a Number of unique peptides recovered during ESI-MS/MS 
b Coverage of the protein sequence by unique peptides recovered during ESI-MS/MS 
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7.5. Discussion 
In the previous chapter the causal agent of bacterial blight of leek was investigated dividing 
the Flemish isolates of P. syringae pv. porri into two groups based on their BOX-PCR 
fingerprints. This overall bacterial diversity was kept in mind when looking for novel phages 
capable of lysing P. syringae pv. porri. Host range analysis of the five phages isolated from soil 
and the H-mutant phage confirmed the BOX-PCR grouping of bacterial strains, suggesting that 
differences at the bacterial genome are responsible for the observed host range. As described 
in this chapter, genome analysis of a bacterial strain of each group demonstrated that 
variation was mostly situated in prophage content and mobile genetic elements (Rombouts 
et al, 2016). No specific element could be found that linked bacterial diversity with the phage 
host range. In general, genomic differences can affect phage infection at different stages. If 
those genome differences result in an altered phage receptor, different receptor binding 
proteins (RBP) capable of recognizing the altered receptor of the five bacterial strains in group 
one could be present among the phages KIL4 and KIL5. Changes in host range due to a 
spontaneous mutation in a tail fiber protein (replacement of a positively charged lysine by an 
uncharged asparagine) were previously reported for two related phages, Pseudomonas 
aeruginosa phages PaP1 and JG004 (Le et al, 2013). However, the exact role of the variation 
and mutation observed here does not lead to a straightforward hypothesis and requires 
further investigation. In spite of the overall bacteriophage diversity, all phages we found 
against P. syringae pv. porri belong to the Myoviridae family. Genome sequence analysis 
further classified them into a new clade within the Felixounavirinae genus.  
The phage characteristics analyzed in this study show that all six phages are suitable for use 
in phage therapy. First, they are strictly virulent, meaning that infection with the phages 
results in bacterial lysis minimizing the risk of horizontal transfer of pathogenicity genes as is 
the risk with lysogenic phages (Penadés et al, 2015). Furthermore, by demonstrating a 
temperature stability from 4°C to 37°C and pH stability from pH 4 to 12, they are capable of 
surviving in the plant environment when applied. However, a disadvantage is their limitation 
to infect only bacteria grown at temperatures of 28°C or lower. This means that in summer, 
when temperatures occasionally rise above 28°C bacteria may not be killed by the phages. 
Probably, the bacterial receptor necessary for phage infection is not expressed at higher 
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temperatures. Temperature dependent infection was previously reported for phage φS1 
which is not able to infect Pseudomonas fluorescens cells grown at 37°C (Sillankorva et al, 
2004). It has been shown that expression of bacterial genes can be temperature dependent. 
For example, the expression of flagellar components and the surfactant syringafactin is 
reduced in P. syringae strain B728a at a temperature of 30°C, resulting in reduced swimming 
and swarming motility (Hockett et al. 2013). Host range analysis demonstrates that none of 
the phages is capable of lysing all tested P. syringae pv. porri strains, but a combination of 
different phages in a phage cocktail can cover all strains used. The results indicate that there 
is some resistance development among P. syringae pv. porri strain CFBP 1687 when 
challenged with the bacteriophages KIL3 or KIL4. Although the kill curves indicate that in the 
first 5h there is no resistance development, after 72h an average resistance frequency of 
around 2x10-6 was noted. When phages are applied in a phage cocktail, this resistance 
development is less likely to occur (Gill and Hyman 2010; Barbosa et al. 2013). The possibility 
of resistance through lysogenic conversion was excluded, thereby confirming their suitability 
for phage therapy for this parameter. In addition, development of the host-range mutant 
phage KIL3b demonstrates that host-range expanding adaptations are possible to counter 
bacterial resistance, especially because this phage was still able to infect more than half of 
the resistant bacteria.  
To investigate evolutionary relationships of KIL1, KIL2, KIL3, KIL4 and KIL5 with their close 
relatives, phylogenetic analysis was combined with a whole genome proteomic approach 
(Lavigne et al. 2008; Lavigne et al. 2009). The overall phylogenetic relationships between the 
concatenated sequences of the major capsid protein and the baseplate proteins of the 
Felixounalikevirus phages are consistent with previous taxonomic description (Henry et al, 
2015). The phages KIL1, KIL2, KIL3, KIL4 and KIL5 as well as phiPsa374 can clearly be grouped 
into a new phylogenetic clade. Their location within the Felixounalikevirus genus suggests that 
the sequences of two structural proteins are highly conserved within their own group and 
appear to be most closely related to those of the “PAK_P1-like viruses” and “KPP1-like 
viruses”. In addition, our proteome-based analysis, which is more sensitive and accurate for 
taxonomic classification for phage genomes (Lavigne et al. 2008), supports the phylogenetic 
relationships of the Felixounalikevirus phages. Given that shared homologs between the 
phage genomes can be used as an indication of phage members in the same genus (Lavigne 
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et al. 2008; Lavigne et al. 2009), we proposed a possible division of the Felixounalikevirus 
genus into the four subclades, which include the “KPP10-like viruses” (phages PAO1_Ab17, 
PAO1_Ab03, PAK_P5, KPP10, CHA_P1, P3-CHA, and PAK_P3), “PAK_P1-like viruses” (PAK_P4, 
C2-10_Ab1, C2-10_Ab02, C2-10_Ab-8, PAK_P1, PaP1, and JG004), “FelixO1-like viruses” 
(FelixO1, wV8, phiEa21-4, and phiEa104), and “KIL-like viruses” (KIL1, KIL2, KIL3, KIL4, KILP5, 
KIL3b, and phiPsa374). Interestingly, although phage phiPsa374 has been suggested as a 
member of the PAK_P1-like clade (Henry et al, 2015; Frampton et al, 2014), our results 
indicate the genome of phiPsa374 aligns with more shared protein families to the KIL-like 
phages.  
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Chapter 8. Biocontrol of Pseudomonas syringae pv. 
porri in leek production using phages3 
8.1. Introduction 
Based on their host range, the isolated phages could be divided into two groups and the 
analysis of the characteristics of a representative of each group, KIL3 and KIL5, in the previous 
chapter shows that the phages are suitable for use in phage therapy. To test the in planta 
potential of these phages, plant experiments were performed. In leaf-assays the ability of the 
phages to decrease lesion development was tested. These experiments were followed by field 
trials, taking the first steps in evaluating their potential as a crop protection agent. These field 
trial experiments were performed by the experimental stations for vegetables PCG, PSKW and 
Inagro and are therefore presented in a concise manner, focusing on the main conclusions 
and interpretation. 
8.2. Phage assay on leek leaves 
To investigate whether the phages were also capable of lysing their bacterial host in the plant 
environment, phage assays were performed on leek leaves.  
In a first leaf assay, the bacterial concentration was chosen to be 107 CFU/ml, the amount of 
bacteria necessary to produce clear symptoms upon infiltration in leaves on the plant. For the 
phages, a relatively high concentration of 109 pfu/ml was used to prove efficacy. All 41 P. 
syringae pv. porri strains represented in our collection were inoculated seperatly in three 
repetitions and showed comparable virulence with average lesion lengths being similar 
                                                     
 
3 Part of this chapter is adapted from Rombouts, S., Volckaert, A., Venneman, S., Declercq, B., Vandenheuvel, 
D., Allonsius, C.N., Van Malderghem, C., Jang, H.B., Briers, Y., Noben, J.P., Klumpp, J., Van Vaerenbergh, J., 
Maes, M. and Lavigne, R. (2016). Characterization of novel bacteriophages for biocontrol of bacterial blight in 
leek caused by Pseudomonas syringae pv. porri. Frontiers in Microbiology. doi: 10.3389/fmicb.2016.00279 
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although individual measurements varied. Results are presented on the left side of the 
boxplot (Figure 8.1, A). Strains CFBP 1687 and CFBP 1770 were chosen as representatives of 
P. syringae pv. porri and were used as bacterial host in combination with the different phages. 
Lesion lengths on the phage treated leaves were compared to the lesion lengths induced by 
all P. syringae pv. porri strains used in this study. In general, each phage reduced the mean 
lesion length compared to the non-phage treated leaves. The reduction in lesion length was 
significant for phages KIL1, KIL3 and KIL3b with p-values of 0.003, 0.005 and 0.004, 
respectively. 
In a second leaf assay, the effect of the phages on a lower bacterial concentration of 106 
CFU/ml was tested using ten leaves per phage object (Figure 8.1, B). CFBP 1687 was used in 
combination with phages KIL1, KIL2, KIL3 and KIL3b, phages KIL4 and KIL5 were co-inoculated 
with bacterial host strain LMG 28496. Again, lesion lengths of the phage-treated leaves were 
compared to the lengths produced by their respective host without phage. As expected, 
lesion lengths were smaller in all treatments compared to the previous assay with higher 
bacterial concentrations. Only phages KIL2 and KIL3b decreased lesion length significantly 
compared to their bacterial control, with p-values of respectively 0.042 and 0.006. Most 
leaves treated with phage KIL3b showed no symptoms. The results of this second leaf assay 
confirm that phages KIL4 and KIL5 are less suitable to reduce lesion length significantly. Only 
phage KIL3b showed significant reduction in both assays, demonstrating its in planta 
antibacterial effect. The effect of phages KIL1, KIL2 and KIL3 varied between the assays. 
Nevertheless, it was considered prudent to maintain all phages in a cocktail for subsequent 
testing in field trials. 
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Figure 8.1: (A) Lesion lengths in the first leaf assay in which all 41 P. syringae pv. porri strains (107 CFU/ml) 
were inoculated in leek leaves (3 inoculated leaves/strain) and every phage type (109 pfu/ml) was co-
inoculated with a P. syringae pv. porri representative (8 inoculations/phage-bacteria combination). (B) Lesion 
lengths in the second leaf assay in which KIL1, KIL2, KIL3 and KIL3b (109 pfu/ml) were co-inoculated with 
bacterial strain CFBP 1687 (106 CFU/ml) and phages KIL4 and KIL5 with LMG 28496 (ten inoculations/phage-
bacteria combination). 
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8.3. Field trials testing the efficacy of a combination of KIL-phages 
The phage cocktails and bacterial inoculum were provided to the expermintal stations for 
vegetable production who carried out the infection, phage treatments, recorded symptom 
development and did the statistical analysis. 
8.3.1. Submergence of transplants in phage solution before planting 
In a first field trial set-up, the potential of phages to protect leek transplants against bacterial 
infection at planting was tested. Transplants were submerged in a phage solution containing 
the six phages before planting them in an infested field. This experiment was performed on 
three different locations in Flanders in the year 2014 (Table 8.1). The experiment was 
repeated in 2015 but with only phages KIL3 and KIL5 in the phage solution (Table 8.2). 
Although KIL3b was most effective in the leaf assays, a low amplification efficiency made it 
unsuitable for field applications. 
8.3.1.1. The preliminary field trial of 2014 
In the trial at PCG, the field was inoculated with CFBP 1687 and leek plants of cultivar Kenton 
(Nunhems) were used. The first symptoms developed 25 days after planting in phage-treated 
and non-treated plants. Two months later, percentages of diseased plants increased to 82% 
for the phage-treated plants and 92.5% for the control plants. Later on, symptoms 
disappeared again in both groups and percentages of diseased plants were again lower 4 
months after planting. The same trend was apparent when scoring the percentage of leaf 
surface affected.  
The same experiment was performed in PSKW on a field with a history of P. syringae pv. porri 
infections with cultivar Harston (Nunhems). Two and three months after planting, the disease 
incidence was measured. Percentages of symptomatic plants varied from 29% for the phage-
treated plants and 19% for the control plants after two months to 18% and 15% after three 
months, respectively. No significant differences were observed.  
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In the experiment at Inagro, a naturally infested field and leek plants of cultivar Harston 
(Nunhems) were used. No disease incidence was recorded two months after planting. After 
three months, measurements reported an infection rate of 23.5% of control plants and 18% 
for the phage treated plants.  
Table 8.1: Disease incidence (percentage symptomatic plants per object) after three months for the field trial 
in 2014 at three different locations where 1200 transplants were submerged in a phage solution with the six 
KIL-like phages each at a concentration of 107 pfu/ml before planting in an infested field. 
Phage treatment PCG 
Cultivar Kenton 
CFBP 1687 
PSKW 
Cultivar Harston 
Natural infection 
Inagro 
Cultivar Harston 
Natural infection 
no 92.5 15.0 23.5 
yes 82.0 18.0 18.0 
8.3.1.2. The field trial of 2015 
In the trial at PCG, leek plants of cultivar Kenton (Nunhems) were used in a field inoculated 
with strain CFBP 1687. The first disease assessment two months after planting showed a 
decreased disease rate in phage treated plants compared to the control plants with 
respectively 10% and 21% of the plants showing symptoms. The difference between the 
treatment increased, leading to a significant difference in disease incidence three and a half 
month after planting (2% versus 17% of infected plants with p=0.04). This confirmed the trend 
of the previous year. Percentages of infected leaf area showed a similar trend with 0.25% 
symptomatic leaf area for the non-treated plants and 0.02% for the phage treated plants. 
However, with a p-value of 0.08 this difference was not significant. Results points toward a 
long term effect of the phages on infection rate. However, a repeat trial is needed to further 
confirm and optimize these results. Compared to the previous trial at this location, the same 
phage treatment, leek cultivar and bacterial inoculation method were used suggesting that 
phage efficiency is mostly dependent on weather conditions who can influence disease 
pressure and phage survival. 
The same experiment was performed in PSKW with cultivar Krypton (Nunhems) and strain 
CFBP 1687. In this trial, early symptom development was monitored. During three months 
after planting, every two weeks disease incidence was measured. Percentages of 
symptomatic plants remained low during the evaluation period with no significant differences 
between treated and non-treated plants. However, one month after planting the percentage 
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of deceased leek plants was higher in the non-phage treated group (12%) compared to the 
plants that were treated (4%). This indicates that the effect of the phages in this trial possibly 
remained limited to the period shortly after application where they can influence plant 
infection.  
In the experiment at Inagro, leek plants of cultivar Harston (Nunhems) were used in a field 
inoculated with CFBP 1687. Disease symptoms were recorded every two weeks starting 8 
weeks after planting. After 12 weeks, symptoms started developing with disease percentages 
of 24% for phage treated and 21% for control plants. Fourteen weeks after planting disease 
incidences were 51% and 71% for phage treated and non-treated plants respectively. 
However, later on infection rate decreased again and the differences between the objects 
disappeared.  
Phage treatment PCG 
Cultivar Kenton 
CFBP 1687 
PSKW 
Cultivar Krypton 
CFBP 1687 
Inagro 
Cultivar Harston 
CFBP 1687 
no 17.0 6.0 71.0 
yes 2.0 4.0 51.0 
8.3.1.3. Parallel evaluation of the 2014 and 2015 trials 
The first test year, no significant differences in disease occurrence between treated and 
untreated plants could be noticed. In the trials performed at PSKW and Inagro, disease 
incidence remained low indicating that infection was not successful. Conclusions on the 
efficacy of phage treatment could therefore not be made. From the trial results of PCG we 
can conclude that phage treatment was not successful in protecting the leek plants from 
infection when planted in an infested field. Early monitoring during the second test year 
points towards an effect of the phages on survival of the leek transplants shortly after planting 
in an infested field. Symptom development only started two months after planting and in the 
trial at PCG a significant long term effect of the phage treatment was noted. As the phage 
cocktail contained only phages KIL3 and KIL5 in 2015, this test demonstrates their potential 
efficacy in the field. However, the source of the variability between test locations and test 
year needs further investigation in order to develop a reliable phage treatment. Differences 
Table 8.2 Disease incidence (percentage symptomatic plants per object) after three months for the field trial 
in 2015 at three different locations where 1200 transplants were submerged in phage solution containing KIL3 
and KIL5 each at a concentration of 107 pfu/ml before planting in a field infested with CFBP 1687. 
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between test locations can be caused by variations in the meticulousness in applying 
treatments. Soil characteristics can affect bacterial survival after artificial infection. Weather 
conditions are suspected to be the main source for interannual variation as they influence 
plant and bacterial growth, phage survival and the interaction between those three 
parameters. 
8.3.2. Spray application of phages 
In a second field trial, phages were sprayed on plants artificially inoculated with strain CFBP 
1687, to test for their potential as a crop protection agent in a later growth stage. First, 
bacteria were sprayed onto the plants three months after planting. The day after, a phage 
cocktail with the six phages pooled, each present in a concentration of 109 pfu/ml each was 
sprayed onto the plants. Results are shown in Table 8.3. The experiment was repeated in 2015 
with only phages KIL3 and KIL5 in the phage cocktail (Table 8.4). 
8.3.2.1. The spray trial of 2014 
In the trial at PCG, again cultivar Kenton (Nunhems) was used and phage treatment was 
repeated four times every two weeks. The first disease assessment was performed 19 days 
after pathogen inoculation and demonstrated a higher infection rate at the bacteria treated 
plant in relation to the other plants, meaning that infection was successful. One month after 
pathogen inoculation, infection rate in the bacteria-treated plants increased and a difference 
trend could be measured for the bacteria/phage-treated object in comparison with the non-
treated bacteria inoculated object with, respectively, 38.5% and 63% symptomatic plants. 
This trend continued in subsequent measurements although the differences became less 
apparent. The same trend was demonstrated by the data displaying the affected leaf surface. 
At all time-points, infection was slightly higher in the phage-treated control compared to the 
untreated plants. The trial indicates that phages decrease symptom development but could 
not fully block infection development. A higher phage concentration and more frequent 
applications can possibly lead to a better disease control. 
A similar trial setup was performed at PSKW with plants of the cultivar Harston (Nunhems). 
Phage treatments were applied every week for eight weeks with half the dose of phages 
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compared to the trial of PCG, meaning that a concentration of 0.5x109 pfu/ml of each phage 
was used. Disease incidence was measured one, two and three months after infection, but no 
differences between the plants could be measured. Even the uninoculated plants showed a 
same level of symptoms, indicating the presence of a natural infection that could not be 
affected by our phages. 
The trial performed at Inagro used plants of the cultivar Harston (Nunhems). Five phage 
applications were carried out: one a week before bacterial inoculation, one a few hours after 
bacterial inoculation, and three more weekly applications after bacterial application. Two 
months after infection disease incidence was measured showing no differences between the 
four objects. Even the uninfected and untreated control and the uninfected phage-treated 
control displayed an infection of respectively 19.5% and 24% indicating the presence of a 
natural infection that could not be affected by our phages.  
Table 8.3 Disease incidence (percentage symptomatic plants per object) after one month (PCG and PSKW) and 
two months (Inagro) for the field trial with P. syringae pv. porri CFBP 1687 (106 CFU/ml) and the phage cocktail 
with the six KIL-like phages each at a concentration of 109 pfu/ml being sprayed over 1000 leek plants per 
treatment. 
Treatment PCG 
Cultivar Kenton 
CFBP 1687 
PSKW 
Cultivar Harston 
CFBP 1687 
Inagro 
Cultivar Harston 
CFBP 1687 
Untreated 6.0 32.0 19.5 
Phage 11.0 38.0 24.0 
Bacteria 63.0 42.0 21.5 
Bacteria + phage 38.5 30.0 19.0 
 
8.3.2.2. The spray trial of 2015 
In the trial at PCG, again cultivar Kenton (Nunhems) was used and phage treatment was 
applied the day before bacterial inoculation and repeated four times every week after 
infection. Disease assessment showed that infection was successful. As in the previous year, 
a trend towards disease control appeared but results were not significant. 
The same trial was performed at PSKW with plants of the cultivar Krypton (Nunhems). Disease 
incidence was measured weekly until 6 weeks after infection. A significant higher infection 
rate was measured in the bacteria treated plants compared to the uninfected plants meaning 
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infection was successful. In addition, phage treatment lead to a smaller percentage of 
infected plants throughout the measurements, however, this difference was not significant. 
The trial performed at Inagro used plants of the cultivar Harston (Nunhems). Five phage 
applications were carried out: one a week before infection, one a few hours after bacterial 
inoculation, and three more weekly applications after infection. During two months, every 
two weeks disease incidence was measured showing no differences between the four 
treatments indicating the presence of a natural infection that could not be affected by our 
phages. 
Table 8.4 Disease incidence (percentage symptomatic plants per object) after one month for the field trial in 
2015 at three different locations with P. syringae pv. porri CFBP 1687 (106 CFU/ml) and the phages KIL3 and 
KIL5 each at a concentration of 109 pfu/ml being sprayed over 1000 leek plants per treatment. 
Treatment PCG 
Cultivar Kenton 
CFBP 1687 
PSKW 
Cultivar Krypton 
CFBP 1687 
Inagro 
Cultivar Harston 
CFBP 1687 
Untreated 9.0 1.0 23.0 
Phage 9.0 2.0 21.0 
Bacteria 89.0 42.0 23.0 
Bacteria + phage 74.0 35.0 22.0 
8.3.2.3. Parallel evaluation of the 2014 and 2015 spray trials 
Results of the three trials demonstrate that only at PCG conducive conditions for infection 
with P. syringae pv. porri were present in 2014. From that trial we can conclude that phage 
application can lead to a reduction in bacterial disease incidence under the conditions used. 
The results of the second test year indicate that phage application before infection does not 
lead to a better disease control. In addition, the trend towards disease control that was noted 
in 2014 at PCG could be repeated at PCG and was also seen at PSKW. This indicates that 
spraying of phages can lead to a decrease in symptom development. There remains a lot of 
variability between test locations and test year which needs further investigation in order to 
develop a reliable phage treatment. Throughout the experiments different leek cultivars were 
used but no link between cultivar and disease susceptibility was noted. Other factors such as 
natural infections make it difficult to predict the effect and reliability of phage therapy in field 
trials.  
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8.4. Discussion 
The efficacy of the KIL phages in the plant environment was analyzed using phage assays in 
leek leaves. Significant results were obtained for phages KIL1, KIL2, KIL3 and KIL3b, but the 
broader host range of phages KIL4 and KIL5 led to their incorporation in the phage cocktail 
for the field trials. When treating transplants with a phage cocktail before planting in an 
infested field, no significant differences were observed the first test year. However, the field 
trial performed in 2015 at PCG showed a significant effect of the phage treatment on disease 
incidence three and a half month after planting. Spraying of phages on artificially infected 
plants led to a slightly reduced symptom development trend in one of the three trials in 2014, 
yet without statistical significance. This result could be repeated the second test year. The 
most important factor that influences the success of the trials is the result of the artificial 
infection. Since two trials in the first test year suffered from natural infections, their impact 
has most likely masked the effect of the treatments. Although isolation and characterization 
of phages is reported for several plant pathogens, results of other field trials are scarce. An 
overview has recently been published by Czajkowski in 2016. A field trial with phages against 
Dickeya solani on potato also reports of phage therapy resulting in minor differences in 
disease severity (Adriaenssens et al, 2012b). In experiments with phages against X. 
axonopodis pvs citri and citrumelo, significant control of bacterial spot was reported, yet 
treatment with copper-mancozeb was more effective (Balogh et al. 2008). As other 
researchers mentioned, open field (and greenhouse) applications with phages encounter 
many challenges such as UV-light, desiccation, application method and the need of a large 
quantities of phages. Especially the phyllosphere is a harsh environment for phages, making 
leaf diseases difficult to treat (Goodridge 2004; Gill and Abedon 2003; Iriarte et al., 2012). This 
study indicates that phage therapy is able to reduce bacterial blight symptoms in leek, but to 
improve the efficacy of the phages in the field, phage persistence in the plant phyllosphere 
should be improved by the use of protective formulations, addition of non-pathogenic phage-
propagating bacterial strains or adapting timing and frequency of application as suggested 
previously (Balogh et al. 2010; Jones et al. 2007).
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Chapter 9. General discussion 
9.1. Introduction 
The objective of this research was the development of a phage-based biocontrol agent to 
manage the most destructive bacterial diseases in Brassica and leek production. To reach this 
goal, bacteria were isolated from symptomatic leaves of different Brassica vegetables and 
leek, identifying X. campestris pv. campestris and P. syringae pv. porri as the most prevailing 
bacterial pathogens with the largest economic impact. Parallel to leaf sampling, samples were 
also collected from the respective field soils to search for phages capable of lysing the 
pathogens. From these soil samples, seven novel phages were isolated lysing X. campestris 
pv. campestris, named SoPhi1-SoPhi7. Five phages were found to lyse the leek pathogen P. 
syringae pv. porri, named KIL1-KIL5, and were supplemented with one selected host range 
mutant phage, KIL3b. Extensive in vitro characterization indicated that all phages were 
virulent and stable at relevant pH and T parameters occurring in field conditions. No toxin or 
lysogeny-associated genes could be found in the phage genomes that were analyzed. 
However, the genome of the giant phage SoPhi7 showed similarities with that of the 
transducing phage phiKZ, indicating that this phage might not be suitable for phage therapy 
applications. BOX-PCR analysis revealed the presence of two genome types among the 
Flemish P. syringae pv. porri isolates and this grouping was also observed in the phage host 
range analysis. Among the X. campestris pv. campestris isolates a larger diversity was noted 
according to differences in their GyrB sequence and BOX-PCR fingerprints as well as the phage 
host range analysis. Because of the genomic diversity of both bacterial hosts and the narrow 
host range of the isolated phages, a phage cocktail was considered most suitable for field 
applications. Although leaf assays and pot trials demonstrated efficacy of the single phages in 
the plant, results of the field trials were variable indicating the need for further research to 
optimize formulation and application strategy. 
Although the general strategy that was used to develop phage cocktails for X. campestris pv. 
campestris and P. syringae pv. porri was the same, differences in bacterial and phage diversity 
and in culture practices appeared. Those differences required specific adjustments that will 
be discussed below. 
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9.2. Who is the enemy? Bacterial characterization 
To develop a successful phage therapy product, it is important to have information about the 
local and global diversity of the target pathogen. This diversity is different for each pathogen 
and should therefore be investigated for each possible target. 
9.2.1. Novel insights on types and diversity of agricultural pathogens 
9.2.1.1. Xanthomonas campestris pv. campestris in Brassica production 
The GyrB barcoding and BOX-PCR analysis indicated a large genomic diversity among the X. 
campestris pv. campestris isolates that were obtained from Flemish fields and this was 
confirmed by the host range of our phages. This diversity was expected as X. campestris pv. 
campestris comprises nine races and has also been described as a diverse group on other 
locations such as India, South Africa and New York State (Singh et al, 2011; Chidamba & 
Bezuidenhout, 2012; Lange et al, 2016). The question remains if the strains that occur in 
Flanders are the same as those occurring on the other places in the world. A MLSA study 
performed in New York concluded that the global population of X. campestris pv. campestris 
is homogenous because no distinct clustering was present when the New York haplotypes 
were compared with the globally collected haplotypes. Furthermore, dominant haplotypes 
persisted for extended periods of more than 50 years (Lange et al, 2016). The same trend 
appeared in the GyrB sequence analysis of our strains as LMG strains with different 
geographic origins clustered together with our Flemish isolates. However, host range analysis 
indicated an adaptation of phages to their local host. A whole genome sequence analysis 
could provide more information about this diversity. 
9.2.1.2. Pseudomonas syringae pv. porri in leek production 
In contrast to X. campestris pv. campestris, the intra-pathovar diversity of P. syringae pv. porri 
was suspected to be low, based on observations of other researchers. However, surprisingly, 
our research distinguished two groups among the Flemish isolates based on their BOX-
fingerprint pattern. The isolates of the second group were all obtained in 2012 and were 
probably introduced by contaminated seed. Draft genome analysis of those two P. syringae 
pv. porri types revealed differences in mobile elements such as prophages and IS elements. 
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Those genome sequences can be used to develop specific detection techniques such as qPCR 
to detect or trace the contamination in the seeds or to detect latent infections on 
asymptomatic plants. 
9.2.2. Molecular typing methods 
9.2.2.1. BOX-PCR: strengths and weaknesses 
BOX-PCR fingerprinting is a molecular typing method that uses primers corresponding to 
conserved motifs in bacterial repetitive elements. Initially it was developed to rapidly identify 
and discriminate pathovars and strains of different species but because of the development 
of more accurate sequence-based identification methods, their use has shifted towards the 
study of genomic diversity. Advantages are the ease and low cost and general applicability to 
a wide range of bacterial genera. Limitations are the low inter-laboratory reproducibility. 
Since non-specific primers are used, banding patterns are dependent on primer binding, 
which in turn is influenced by the reagent mixture, temperature and DNA purity. 
Furthermore, the electrophoresis system used to separate the PCR-fragments is also 
temperature sensitive which generated background noise that complicated the 
interpretation. Furthermore, large fragments could not be resolved into sharp peaks, 
preventing accurate alignment of the patterns.  
9.2.2.2. Alternatives and improvements 
A frequently used alternative to the use of BOX-PCR is the sequencing of multiple 
housekeeping genes in a multi-locus sequence analysis (MLSA). As sequencing becomes 
cheaper, genomic diversity studies will more and more shift towards the sequencing of 
complete bacterial genomes. The two P. syringae pv. porri draft genomes obtained in this 
study demonstrated that those sequences not only resulted in quantitative information about 
the differences between them but also provided qualitative information on genome 
differences.  
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An alternative for the sequence based fingerprinting of bacterial strains is the use of specific 
bacteriophages for a method called phage typing. Advantages are the speed and low cost 
(Chirakadze et al, 2009). The KIL-like phages and SoPhi phages of this study both infect only a 
limited number of bacterial strains, making them suitable to discriminate between groups of 
strains. This can be useful for epidemiological pursposes.  
Phages can also have diagnostic value as was demonstrated by the engineered 
bioluminescent reporter phage PBSPCA1::luxAB capable of detecting bacterial blight of 
crucifers caused by P. cannabina pv. alisalensis (Schofield et al, 2012). However, as not all X. 
campestris pv. campestris strains can be infected by one of the SoPhi phages, the phages can 
not serve as a diagnostic tool for this pathogen. In the case of P. syringae pv. porri, a 
combination of three phages is expected to be sufficient for diagnosis in Flanders. However, 
care should be taken for fals negatives of phage resistant strains. 
9.3. The enemy of our enemy: biology of bacteriophages 
Being the natural enemy of bacteria, phages form an attractive tool in the struggle against 
bacterial diseases. They are evolutionary adapted to be as successful as possible, meaning the 
production of phage progeny for virulent phages, killing their bacterial host in the release of 
themselves. This self-reproducing property is one of their advantages as is their abundance 
and ease of isolation. 
9.3.1. Bacteriophage isolation from agricultural fields 
In order to isolate relevant phages, soil, water and leaf samples were taken from fields with 
infected plants. In the beginning, direct plating methods were used, with or without 
concentration through ultracentrifugation. However, isolations were not successful and only 
soil samples remained because of their abundance and storability. Those soil samples were 
used in enrichment techniques with different bacterial hosts and under variable growth 
conditions. The LBrs medium used for phage enrichement is rich in nutrients and could 
therefore have influenced the phage isolation by altering the host physiology. Future phage 
isolations should try to mimic the natural environment as this could result in more efficiënt 
phages. Those initial experiments demonstrated the important link between growth 
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temperature of the bacterial host and phage susceptibility as phages were only isolated when 
enrichment occurred at temperatures of 26°C or lower. The phages thus could only infect at 
temperatures commonly occurring in agricultural fields. Also, phage isolation was more 
successful when local bacterial strains were used as host in contrast to bacterial strains from 
foreign countries. From the phage isolations we can conclude that the soil from agricultural 
fields is a reservoir for phages and that the conditions used for isolating phages need to be 
adapted to meet the growth criteria of the phages. 
In this study, the diversity of the isolated phages reflected the host diversity. For X. campestris 
pv. campestris seven different phages were found from which only two were related to each 
other (SoPhi1 and SoPhi2). Isolated phages belonged to the Myoviridae as well as the 
Siphoviridae family, with genome sizes ranging from 44 kb- 315 kb. In contrast, all five phages 
isolated against P. syringae pv. porri belonged to the Myoviridae family and were closely 
related with a genome size around 92 kb. There are no studies that investigate this correlation 
but a possible explanation could be that bacterial diversity drives phages diversification and 
vice versa. A link between bacterial and phage diversity was previously described for the 
opportunistic pathogen P. aeruginosa of which the characterization of 15 newly isolated 
phages indicated their diversity (Ceyssens et al, 2009a). 
9.3.2. Phage production and purification 
To perform in vitro characterization experiments with novel phages, pure phage suspensions 
are necessary, meaning that bacterial cells and cell debris need to be removed after phage 
amplification. The easiest way to obtain large volumes of phages in high concentration is the 
liquid amplification of phages followed by vacuum filtration. Although suitable for the phages 
infecting P. syringae pv. porri, this technique could not be applied to the phages infecting X. 
campestris pv. campestris. Since this bacterium produces large amounts of 
exopolysaccharides in liquid cultures, filters become blocked, inhibiting filtration. Therefore, 
the phages had to be amplified on solid plates using the soft-agar overlay technique, which is 
more labor intensive and is therefore less suitable for the production of large quantities. After 
this first filtration step, the removal of bacterial debris through CsCl-gradient 
ultracentrifugation could not be used for some phages as they did not yield sufficient high 
concentrations (> 1010 PFU/ml). The alternative, CIM® monolithique anion exchange 
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chromatography, is not dependent on phage concentration but required optimization for 
each phage (Adriaenssens et al, 2012a). The difficulties in producing sufficient volumes of 
pure X. campestris pv. campestris phages in high concentrations made their characterization 
more difficult. 
For field applications, phage purity is less important but all living bacterial cells should be 
removed or killed before introduction on the field. Otherwise, remaining bacterial cells can 
develop resistance against the phages in the suspension and spreading these bacteria on the 
field could result in an uncontrollable bacterial disease outbreak. The filtration problems of 
phage suspensions obtained from amplification with X. campestris pv. campestris can pose 
problems when large volumes of phage suspensions are necessary for commercial use. A 
possible solution is the search for media types or bacterial strains which result in less 
exopolysaccharide production. Alternatively, chemical cell disruption with chloroform 
without subsequent filtration could be used instead. However, the remaining cell debris and 
media compounds will presumably influence phage therapy efficiency (Gill & Hyman, 2010). 
Chromatography is sometimes proposed as an easily upscalable purification step but based 
on our experience, chromatography should be preceded by a filtration step when using 
viscous cell lysates as the exopolysaccharides can block the channels in the disk.  
9.3.3. Phage characterization 
In vitro experiments demonstrated that all investigated phages were stable in pH and 
temperature conditions occurring on agricultural fields. However, the effect of the other 
important environmental factors known to result in virus decay, being UV-light and 
desiccation, still have to be tested. 
9.4. Developing a cure: phage therapy cocktails 
Although phages showed promising results in in vitro experiments, the biggest challenge was 
to develop a therapy product that works in the uncontrolled environment of agricultural 
fields. Besides the outcome of the phage therapy experiments of this study, some 
considerations can be made on the test themselves, used to investigate different application 
strategies. 
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9.4.1. Consideration on the experimental design of phage assays and field 
trials 
For both bacterial pathogens, phage assays were developed that demonstrated the in planta 
efficiency of some of our phages. Pot trials under greenhouse conditions where the next step 
and indicated systemic movement of SoPhi2, infecting X. campestris pv. campestris, and 
proved phage efficacy when sprayed on cauliflower leaves shortly before bacterial 
inoculation. Unfortunately, when performing the same experiments with P. syringae pv. porri 
on leek, artificial infection was not successful and relevant results could not be obtained. The 
success of artificial inoculations probably depends on epidemiology of the pathogen. X. 
campestris pv. campestris is a vascular pathogen that easily enters the veins through 
hydathodes in the leaves whereas P. syringae pv. porri enters the leaves through stomata and 
wounds and can remain latent for long periods. Wounding of the leek leaves prior to bacterial 
inoculation and prolonged humid conditions can possibly stimulate symptom development in 
future experiments.  
From the field trials in which transplants were treated with phages before planting in an 
infested soil, it can be concluded that soil inoculations with X. campestris pv. campestris 
before planting do not consistently lead to bacterial infection, confirming the result of the pot 
trial with root inoculation. Two trials showed a higher disease incidence on phage treated 
plants. Probably this was an artefact induced by the wetting of the plantlets before planting 
in an infested field soil. One trial did not show any difference. In contrast, the field trial in 
which treated leek plants were planted in an infested field always resulted in infection 
confirming the conclusion of van Overbeek et al, (2010) that planting in a soil infested with P. 
syringae pv. porri can lead to diseased leek plants. However, this was not seen in the pot trials. 
One of those trials demonstrated significantly reduced symptom development in phage 
treated plants compared to the water control.  
In field trials with leaf sprayings of X. campestris pv. campestris on mature plants, infection 
was successful in five out of six trials. However, in only one trial a trend towards decreased 
disease incidence and severity was noted. Leaf sprayings of leek plants with P. syringae pv. 
porri resulted in infection in only three out of six trials. In the trials with successful infection, 
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phages were able to reduce disease severity although differences were not significant. Again, 
for both plant-pathogen systems pot trials had predictive value concerning success of the 
infection strategy on the field. 
Those results demonstrate that phage therapy can lead to reduced disease severity in both 
plant-pathogen systems under certain conditions. More pot trials under controlled conditions 
can be used to investigate which parameters influence therapy success. Ideally, phage 
therapy experiments should be performed under controlled conditions with only one 
unknown parameter per experiment, such as temperature, cultivar, bacterial strain, phage 
isolate, application time, application frequency, … However, plant experiments are time 
consuming and expensive, therefore a balance should be found in the number of unknown 
variables used: too many leads to difficulties in interpreting results, while too few leads to 
missing information on the effect of certain parameters. 
9.4.2. Future research 
9.4.2.1. Plant-bacteria-phage interactions 
As leaf sprayings of phages showed limited success in the control of X. campestris pv. 
campestris under field conditions, the effect of systemic phage protection through soil 
application can be tested in future experiments. For the control of P. syringae pv. porri, 
phages demonstrated their potential but methods can be investigated to reinforce the effect. 
For example, phage stability in the plant environment could be enhanced through use of 
protective formulations or the use of a non-pathogenic carrier strain. Monitoring of bacteria 
and phage populations on plants and in the soil during such experiments can provide valuable 
information.  
Preliminary phage re-isolation experiments were already performed on leaf samples of the 
field trials performed at PSKW and PCG in 2015. From the trial at PCG in 2015 with phage 
treatment of cauliflower transplants prior to planting in an infested field, phages could not be 
isolated from phage treated or water treated plants. In the cauliflower spray trials at PSKW 
and PCG, phages were only isolated from symptomatic leaves from bacteria inoculated 
objects, with or without phage treatment. Since phage could be isolated from an object 
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without phage treatment, this indicates the natural presence of phages. However, they 
occurred only in detectable quantities when a bacterial host was present. 
From the trial at PCG in 2015 in which leek transplants received a phage treatment prior to 
planting in an infested field, phages were isolated from phage treated as well as water treated 
plants, indicating again the natural presence of phages. In the leek trials with leaf spraying of 
phages on mature plants at PSKW and PCG, phages were consistently re-isolated from 
symptomatic leaves from bacteria inoculated objects, with or without phage treatments. In 
addition, also from the water control object some asymptomatic leaf samples contained 
phages on the leaf surface, indicating the natural epiphytic presence of phages on the plant 
leaves.  
In both cauliflower and leek, phages were not encountered on leaf samples from objects 
treated with phage without bacterial inoculation, confirming that phage survival on plant 
leaves is short when no bacterial host is present. For example, Lang et al, (2007) were able to 
recover phages until 72 h after application on onion leaves (Allium cepa). In contrast to their 
short survival time, phages were isolated from asymptomatic leek leaves suggesting there is 
a source, probably the soil, from which naturally occurring phages can recolonize plant leaves. 
Another possibility is the latent presence of the pathogen or another compatible bacteria on 
this leaf surface. The fact that phages were not encountered on asymptomatic cauliflower 
leaves could indicate that phage persistence is shorter in this plant-phage system or the 
bacteria is not latently present.  
With the phage genome sequences obtained in this study, primers can be designed to develop 
a sensitive and specific qPCR for the monitoring of phage populations in future experiments. 
In addition, in future experiments bacteria can be isolated from phage treated objects to test 
for resistance development.  
9.4.2.2. Virulence of resistant bacteria 
In vitro experiments to test the frequency of resistance development in X. campestris pv. 
campestris and P. syringae pv. porri led to the isolation of phage resistant bacterial strains. As 
previous research demonstrated that phage resistance sometimes results in reduced bacterial 
virulence (León & Bastías, 2015), pathogenicity test can be performed to investigate the effect 
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of phage resistance on bacterial virulence of our isolates. Furthermore, the resistant bacteria 
can be checked for lysogeny using a PCR with phage specific primers. 
9.4.3. Phage therapy: part of an integrated control strategy 
In the field trials, phage therapy efficiency was evaluated by measuring disease incidence 
(percentage of plants with symptoms) and disease severity (average percentage of leaf 
surface affected). This raises the question what the relationship is with the most important 
parameter, being the yield. Previous research in cabbage indicated that disease severity, 
when assessed on the leaves, strongly correlated with internal black rot in the cabbage heads 
at harvest (Jensen et al, 2005). For leek, such studies are not available thus future research 
exploring the effect on yield is necessary. 
9.4.3.1. Seed and transplant certification 
In Brassica production, seed certification in combination with transplant production in trays 
in the greenhouse reduces possibility that infected transplants arrive at the field. The biggest 
source of contamination are infested field soils, resulting from crop waste of previous years 
and a limited crop rotation. Also later introduction via irrigation water is possible. Therefore, 
the best strategy is to use phages as a field disinfectant, spraying them on the soil before 
planting, or as preventive protection for subsequent infections through regular leaf sprayings. 
The situation is different in leek production. Seeds are not certified and results of this and 
other studies indicate seed infection as a possible source of infection. Furthermore, seeds are 
sown in seed beds in the field which can serve as an infection source. A possible strategy is to 
disinfect seeds by phages. In rice, seed treatment with phages resulted in an effective control 
of Burkholderia glumae and B. plantarii (Adachi et al, 2012). An alternative is the 
incorporation of phages in a seed coating. Research indicates that phages remain active in a 
polymer seed coatings during short times, however longer incubation times resulted in 
inconsistent phage activity (Grabe & Cademartiri, 2014).  
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9.4.3.2. Combination with other (biological) control agents 
Results of this study demonstrate that phage therapy alone is not sufficient to completely 
eliminate X. campestris pv. campestris or P. syringae pv. porri, therefore it could be integrated 
with other control measures such as biological control agents. For control of X. campestris pv. 
campestris, root applications of the biological control agent Bacillus prior to transplanting was 
proven successful (Wulff et al, 2002; Massomo et al, 2004) as was a strain of Pseudomonas 
fluorescens (Mishra & Arora, 2012b). A root dip with a strain of Bacillus, P. fluorescens or a 
combination of them could for example be combined with a field disinfection with phages, 
prior to the planting of transplants in the field. Results about the use of biocontrol agents to 
control P. syringae pv. porri on leek are not yet available. Another possibility is the 
combination of phages with a plant defense activator such as acibenzolar-S-methyl. This has 
been proven successful in the control of X. campestris pv. vesicatoria on tomato (Obradovic 
et al, 2004) or of X. axonopodis pv. allii on onion (Lang et al, 2007). 
9.4.4. Regulatory aspects on phage therapy applications in agriculture 
When future experiments confirm the efficacy of the phages under field conditions, the next 
step is their registration as a (biological) pesticide. In Europe, there is no precedent that can 
be followed and specific requirements remain unclear. Important is the question if each 
phage needs to be registered individually or if they can be registered as a phage cocktail. Only 
the latter will probably be cost effective in our case as the limited host range of the isolated 
phages requires the use of a phage cocktail. Furthermore, the phage cocktail will probably 
need to be adapted frequently when resistance development occurs. Therefore, a simplified 
registration protocol such as for flu vaccines would be necessary. Future communications 
with the registration office could help to reach a solution. 
9.4.5. Strategies to protect the intellectual property 
Although a phage cocktail could in theory be patented, there are several reasons why this 
might not be the best strategy to protect it from being copied by others. Because of the 
natural phage diversity and abundance, other researchers can isolate new phages affecting 
the same host but with a slightly different genome sequence. The patent for a phage cocktail 
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can therefore be easily circumvented. Furthermore, in time resistance for the phages will 
develop requiring the adaptation of the phage cocktail with novel phages capable of lysing 
the resistant bacteria. As the process for obtaining a patent is time consuming and expensive, 
it is not cost effective to register a product that will last only a few years on the market. 
Protecting a phage cocktail by keeping the production process a trade secret is possible, but 
in this study the bacterial hosts used for phage amplification were deposited and made freely 
available in the LMG collection. Anyone who buys the phage cocktail and the host bacteria 
can amplify the phages within it. Even without their deposition it should be easy to find a 
bacterial host which can be used for phage amplification. What can be protected is the name 
of the product, the ‘trade dress’ (e.g. logo, packaging) and a domain name. 
9.5. Concluding remarks 
This study demonstrated a process to develop a cure for bacterial pathogens in Brassica and 
leek production. Starting with identification of the pathogen, phages were isolated followed 
by their characterization and finally application on the field. Although the production method 
of the two target crops had many things in common, both using transplants in their 
production process, important differences arose that influenced the development of a phage 
cocktail and its application. For example, bacterial and phage diversity were higher for X. 
campestris pv. campestris compared to P. syringae pv. porri. Furthermore, as X. campestris 
pv. campestris is a vascular pathogen and sources for infection are mostly field based, this 
requires other application strategies than for the non-vascular pathogen P. syringae pv. porri 
which can be introduced via infected seeds. Those results indicate that there are no general 
rules that can be followed in the development of a phage therapy. Each phage-bacteria-plant 
system has its own characteristics requiring specific adjustments for a successful therapy. 
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